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,QWHUPLWWHQW WKHWDEXUVW VWLPXODWLRQ L7%6 LV D QRYHO IRUP RI UHSHWLWLYH WUDQVFUDQLDO
PDJQHWLFVWLPXODWLRQU706LQGXFLQJLQFUHDVHVLQFRUWLFDOH[FLWDELOLW\WKDWODVWEH\RQG
VWLPXODWLRQ&RPSDUHGWRFRQYHQWLRQDOU706SURWRFROVL7%6LQGXFHVVWURQJDQGORQJ
ODVWLQJ DIWHUHIIHFWV ZLWK VKRUWHU VWLPXODWLRQ WLPH DQG OHVV VWLPXODWLRQ LQWHQVLW\
+RZHYHU PHFKDQLVPV XQGHUO\LQJ L7%6LQGXFHG DIWHUHIIHFWV DV ZHOO DV IDFWRUV
FRQWULEXWLQJ WR D KLJK LQWHULQGLYLGXDO YDULDELOLW\ EHWZHHQ VXEMHFWV DUH VWLOO SRRUO\
XQGHUVWRRG7KHDLPRIWKHSUHVHQWVWXG\ZDVWRJDLQVRPHQHZLQVLJKWVLQWRWKHVH
PHFKDQLVPV E\ FRPELQLQJ QRQLQYDVLYH EUDLQ VWLPXODWLRQ ZLWK QHXURLPDJLQJ DQG
FRQQHFWLYLW\DQDO\VHVRIWKHKXPDQPRWRUV\VWHP
3UHYLRXVVWXGLHVVXJJHVWHGDOLQNEHWZHHQU706DIWHUHIIHFWVDQGDFWLYLW\DVZHOODV
FRQQHFWLYLW\ RI WKH VWLPXODWHG UHJLRQ +RZHYHU WKH PHFKDQLVPV XQGHUO\LQJ L7%6
LQGXFHGSODVWLFLW\RQWKHV\VWHPVOHYHODUHVWLOO LQFRPSOHWHO\XQGHUVWRRG+HQFHWKH
DLPRIWKHILUVWVWXG\RIWKHSUHVHQWWKHVLVZDVWRLQYHVWLJDWHKRZQHXUDODFWLYLW\DQG
FRQQHFWLYLW\ RI WKHPRWRU V\VWHP DUH UHODWHG WR DIWHUHIIHFWV RI L7%6 7KHUHIRUH 
KHDOWK\ ULJKWKDQGHGYROXQWHHUVXQGHUZHQW IXQFWLRQDOPDJQHWLF UHVRQDQFH LPDJLQJ
I05,GXULQJ UHVW UHVWLQJVWDWH I05, UVI05,DQGZKLOHSHUIRUPLQJDVLPSOHKDQG
PRWRUWDVN%DVHGRQWKLVGDWDUHVWLQJVWDWHIXQFWLRQDOFRQQHFWLYLW\UV)&DQGWDVN
LQGXFHG DFWLYDWLRQ DV ZHOO DV WDVNUHODWHG HIIHFWLYH FRQQHFWLYLW\ ZHUH DVVHVVHG ,Q
VHSDUDWHVHVVLRQVDIWHUHIIHFWVRIL7%6DSSOLHGRYHUWKHOHIWSULPDU\PRWRUFRUWH[0
DQG WKHSDULHWRRFFLSLWDO YHUWH[ VKDPZHUH WHVWHG IRUXS WR PLQ E\PHDVXULQJ
PRWRUHYRNHGSRWHQWLDOV0(3V+LJK0(3LQFUHDVHVSRVWVWLPXODWLRQFRUUHODWHGZLWK
ORZ PRYHPHQWLQGXFHG EORRG R[\JHQDWLRQ OHYHO GHSHQGHQW %2/' DFWLYLW\ LQ WKH
VWLPXODWHG00(3FKDQJHVDOVRFRUUHODWHGSRVLWLYHO\ZLWKWKHHIIHFWLYHFRQQHFWLYLW\
EHWZHHQ0DQGGLIIHUHQWSUHPRWRUUHJLRQV+RZHYHUQRFRUUHODWLRQFRXOGEHIRXQG
IRU UV)&7KHUHIRUHRXUGDWDVXJJHVW WKDW FKDQJHV LQ FRUWLFDO SODVWLFLW\ LQGXFHGE\
L7%6QRWRQO\GHSHQGRQORFDOSURSHUWLHVRIWKHVWLPXODWHGUHJLRQEXWDOVRRQDFWLYLW\
GHSHQGHQWSURSHUWLHVRIWKHFRUWLFDOPRWRUV\VWHP
)XUWKHUPRUH GLIIHUHQW VWXGLHV UHFHQWO\ DLPHG DW HQKDQFLQJ L7%6 DIWHUHIIHFWV E\
LQFUHDVLQJWKHGRVH+RZHYHUQRDGGLWLYHDIWHUHIIHFWVFRXOGEHREVHUYHG7KLVPD\
UHVXOW IURP WKH LQFRPSOHWH XQGHUVWDQGLQJ RI WKHPHFKDQLVPV XQGHUO\LQJ WKH GRVH











FRUUHODWHG WKXV SRVVLEO\ UHSUHVHQWLQJ WZR SDUDOOHO PHFKDQLVPV XQGHUO\LQJ L7%6







5HFHQWO\ D FRQVLGHUDEOH QXPEHU RI VWXGLHV DGGUHVVLQJ WKH YDULDELOLW\ RI 7%6
DIWHUHIIHFWV UHSRUWHG VWURQJ YDULDWLRQV DFURVV VXEMHFWV RIWHQ UHVXOWLQJ LQ QR RYHUDOO
HIIHFWVRQWKHJURXSOHYHO7KHUHDVRQVIRUWKLVYDULDELOLW\UHPDLQSRRUO\XQGHUVWRRG
0RUHRYHU WKH TXHVWLRQ DULVHVZKHWKHU QRQUHVSRQGHUV WR L7%6FDQ EH WXUQHG LQWR
UHVSRQGHUVE\LQFUHDVLQJWKHGRVH7KHUHIRUHLQWKHWKLUGVWXG\WKHGDWDRIWKHVHFRQG
VWXG\ZHUHUHDQDO\]HGZLWKUHVSHFWWRWKHLQGLYLGXDOVXVFHSWLELOLW\WRL7%66XEMHFWV
ZHUH JURXSHG LQWR UHVSRQGHUV Q  DQG QRQUHVSRQGHUV Q  DFFRUGLQJ WR WKHLU
LQFUHDVH LQ 0(3 DPSOLWXGHV DIWHU RQH L7%6 EORFN :KHQ WDNLQJ WKH LQGLYLGXDO
UHVSRQVLYHQHVVWRL7%6LQWRDFFRXQWDKLJKHUUV)&EHWZHHQ0DQGSUHPRWRUDUHDV
EHIRUH VWLPXODWLRQ FRXOG EH IRXQG IRU QRQUHVSRQGHUV FRPSDUHG WR UHVSRQGHUV




WKDW UHVSRQVLYHQHVV WR L7%6DW WKH ORFDO OHYHO LH0H[FLWDELOLW\ LV UHODWHG WR WKH















EHU GLH 6WLPXODWLRQVGDXHU KLQDXV HUK|KHQ NDQQ ,P 9HUJOHLFK ]X NRQYHQWLRQHOOHQ
U7063URWRNROOHQ LQGX]LHUW L7%6VWDUNHXQG ODQJDQKDOWHQGH(IIHNWHPLWGHP9RUWHLO
HLQHU NU]HUHQ 6WLPXODWLRQVGDXHU XQG JHULQJHUHU 6WLPXODWLRQVLQWHQVLWlWHQ 'LH GHQ
L7%6LQGX]LHUWHQ(IIHNWHQ]X*UXQGHOLHJHQGHQ0HFKDQLVPHQVLQGMHGRFKQRFKQLFKW
YROOVWlQGLJYHUVWDQGHQ=LHOGHUYRUOLHJHQGHQ$UEHLWZDUHVGDKHUPLW+LOIHYRQQLFKW
LQYDVLYHU*HKLUQVWLPXODWLRQ GK L7%6 LQ.RPELQDWLRQPLW IXQNWLRQHOOHU%LOGJHEXQJ
XQG .RQQHNWLYLWlWVDQDO\VHQ GHV KXPDQHQ 0RWRNRUWH[HV QHXH (LQEOLFNH LQ GLHVH
0HFKDQLVPHQ]XJHZLQQHQ
9RUKHULJH6WXGLHQIDQGHQEHUHLWV+LQZHLVHGDVVGLH(IIHNWHGHUU706YRQGHU$NWLYLWlW
XQG .RQQHNWLYLWlW GHV VWLPXOLHUWHQ $UHDOV DEKlQJHQ 8QNODU LVW MHGRFK ZHOFKH
0HFKDQLVPHQ GHU L7%6LQGX]LHUWHQ 3ODVWL]LWlW DXI V\VWHPLVFKHU (EHQH XQWHUOLHJHQ
=LHOGHUHUVWHQ6WXGLHGLHVHU$UEHLWZDUHVGDKHU]XXQWHUVXFKHQLQZLHIHUQGLHQHXUDOH
$NWLYLWlW XQG.RQQHNWLYLWlW GHVPRWRULVFKHQ6\VWHPVPLW GHQ L7%6(IIHNWHQDXIGLH
NRUWLNDOH (UUHJEDUNHLW ]XVDPPHQKlQJHQ  JHVXQGH UHFKWVKlQGLJH 3UREDQGHQ
ZXUGHQ PLWWHOV IXQNWLRQHOOHU 0DJQHWUHVRQDQ]WRPRJUDSKLH I057 LQ 5XKH UHVWLQJ
VWDWH I057 UVI057 XQG ZlKUHQG GHU $XVEXQJ HLQHU PRWRULVFKHQ $XIJDEH
JHPHVVHQ0LW+LOIHGLHVHU'DWHQZXUGHQGLH$XIJDEHQDEKlQJLJH $NWLYLHUXQJ GLH
$XIJDEHQDEKlQJLJH HIIHNWLYH .RQQHNWLYLWlW XQG GLH IXQNWLRQHOOH 5XKHNRQQHNWLYLWlW
UV)&XQWHUVXFKWL7%6ZXUGHLQVHSDUDWHQ6LW]XQJHQEHUGHPSULPlUHQPRWRULVFKHQ
.RUWH[0XQGGHPSDULHWRRFFLSLWDOHQ9HUWH[VKDPDSSOL]LHUWXQGGLH(IIHNWHIU
ELV ]X  0LQXWHQ QDFK 6WLPXODWLRQ GXUFK $EOHLWXQJ YRQ PRWRULVFKHYR]LHUWHQ
3RWHQWLDOHQ0(3VXQWHUVXFKW(LQKRKHU$QVWLHJGHU0(3VQDFKL7%6NRUUHOLHUWHPLW
HLQHUQLHGULJHQEHZHJXQJVLQGX]LHUWHQ%2/' EORRGR[\JHQDWLRQ OHYHOGHSHQGHQW
$NWLYLWlW LP VWLPXOLHUWHQ 0 9HUlQGHUXQJHQ GHU 0(3$PSOLWXGHQ NRUUHOLHUWHQ
DXHUGHPSRVLWLYPLW GHU HIIHNWLYHQ .RQQHNWLYLWlW ]ZLVFKHQ0 XQG YHUVFKLHGHQHQ
SUlPRWRULVFKHQ5HJLRQHQ(LQH.RUUHODWLRQPLWUV)&NRQQWHQLFKWJHIXQGHQZHUGHQ




:HLWHUKLQ KDEHQ YHUVFKLHGHQH 6WXGLHQ YHUVXFKW GLH (IIHNWH GHU L7%6 GXUFK HLQH
(UK|KXQJ GHU 'RVLV ]X YHUVWlUNHQ +LHUEHL NRQQWHQ MHGRFK NHLQH DGGLWLYHQ(IIHNWH
JH]HLJW ZHUGHQ (LQ *UXQG GDIU N|QQWH GDV XQYROOVWlQGLJH 9HUVWlQGQLV GHU
0HFKDQLVPHQ VHLQ GLH GHU GRVLVDEKlQJLJHQ ,QGXNWLRQ NRUWLNDOHU 3ODVWL]LWlW EHLP
0HQVFKHQXQWHUOLHJHQ=LHOGHU]ZHLWHQ6WXGLHZDUHVGDKHUGLH'RVLVDEKlQJLJNHLW
YRQ L7%6(IIHNWHQ GXUFK $SSOLNDWLRQ PHKUHUHU 6WLPXODWLRQVEO|FNH LQQHUKDOE HLQHV
NXU]HQ =HLWLQWHUYDOOV ]X HUIRUVFKHQ 0|JOLFKH 0HFKDQLVPHQ GLH GHU NRUWLNDOHQ
3ODVWL]LWlW ]X *UXQGH OLHJHQ VROOWHQ KLHUEHL GXUFK GLH .RPELQDWLRQ PLW
.RQQHNWLYLWlWVDQDO\VHQ GHVPRWRULVFKHQ 6\VWHPV XQWHUVXFKW ZHUGHQ  JHVXQGH









YRQ PHKUHUHQ L7%6%O|FNHQ ]X HLQHP GRVLVDEKlQJLJHQ $QVWLHJ VRZRKO DXI GHP
ORNDOHQ/HYHO0(3VDOVDXFKDXIGHPV\VWHPLVFKHQ/HYHOUV)&QDFKGHPGULWWHQ
%ORFN IKUW2EZRKOGLH=XQDKPH LQGHQ0(3VQLFKWPLWGHU=XQDKPH LQGHU UV)&
NRUUHOLHUWH VFKHLQHQ VLH SDUDOOHOH 0HFKDQLVPHQ L7%6LQGX]LHUWHU 3ODVWL]LWlW
GDU]XVWHOOHQ (LQH 7LHUVWXGLH NRQQWH lKQOLFKH GRVLVDEKlQJLJH bQGHUXQJHQ QDFK
PHKUHUHQ L7%6%O|FNHQ DXI GLH 3URWHLQH[SUHVVLRQ XQWHUVFKLHGOLFKHU 6XEJUXSSHQ
*$%$HUJHULQKLELWRULVFKHU,QWHUQHXURQH]HLJHQ'LHVHN|QQWHQGDKHUHLQHQP|JOLFKHQ
0HFKDQLVPXV GDUVWHOOHQ GHU L7%6LQGX]LHUWHQ 3ODVWL]LWlWVSUR]HVVHQ DXFK EHLP
0HQVFKHQXQWHUOLHJW







LQ 0(3$PSOLWXGHQ QDFK GHP HUVWHQ L7%6%ORFN LQ 5HVSRQGHU Q  XQG 1RQ ±
5HVSRQGHU Q  XQWHUWHLOW 8QWHU %HUFNVLFKWLJXQJ GHU LQGLYLGXHOOHQ
$QVSUHFKHPSILQGOLFKNHLWNRQQWHHLQHK|KHUHUV)&]ZLVFKHQ0XQGSUlPRWRULVFKHQ
$UHDOHQYRU6WLPXODWLRQEHL1RQ5HVSRQGHUQLP9HUJOHLFK]X5HVSRQGHUQJHIXQGHQ
ZHUGHQ ,QWHUHVVDQWHUZHLVH ZXUGHQ 1RQ5HVSRQGHU GXUFK HLQH (UK|KXQJ GHU






'HFNHQHIIHNW DXI V\VWHPLVFKHU (EHQH ]X XQWHUOLHJHQ GD HLQH KRKH SUl
LQWHUYHQWLRQHOOH.RQQHNWLYLWlWHLQHQZHLWHUHQ$QVWLHJGXUFKL7%6YHUKLQGHUWKDW
=XVDPPHQJHIDVVWKDEHQGLH(UJHEQLVVHGHUYRUOLHJHQGHQ$UEHLW]XP9HUVWlQGQLVGHU
0HFKDQLVPHQ GLH GHQ L7%6(IIHNWHQ XQWHUOLHJHQ VRZLH GHQ )DNWRUHQ GLH ]X GHU
KRKHQ LQWHULQGLYLGXHOOHQ 9DULDELOLWlW ]ZLVFKHQ GHQ 3UREDQGHQ IKUHQ EHLJHWUDJHQ









DUH GLVWLQFWO\ LQYROYHG LQ WKHSODQQLQJH[HFXWLRQDQG FRQWURO RIPRYHPHQWV$W WKH
FRUWLFDOOHYHONH\UHJLRQVRIWKHPRWRUV\VWHPFRPSULVHWKHSULPDU\PRWRUFRUWH[0
ZKLFKFRUUHVSRQGV WR%URGPDQQ$UHD %$ %URGPDQQDQG WKHSUHPRWRU
FRUWH[30&RU%$)LJXUH%RWKDUHDV%$%$DUHVLWXDWHGLQWKHIURQWDO
OREHRI WKHEUDLQ%$RFFXSLHVWKHDQWHULRUZDOORI WKHFHQWUDOVXOFXVDVZHOODVD

























PXVFOHV FRQWUDODWHUDO WR 0 YLD SHULSKHUDO QHUYHV 7KHUHE\ WKH S\UDPLGDO WUDFW
FRQWUROVPDLQO\WKHYROXQWDU\PRYHPHQWVRIGLVWDOPXVFOHV$ERXWRIWKHD[RQV






























VWXGLHV LQ KXPDQV KDYH LQYHVWLJDWHG WKH IXQFWLRQDO SURSHUWLHV RI WKHVH DUHDV
$FFRUGLQJO\ WKH 60$ LV LPSRUWDQW IRU PRYHPHQW VHTXHQFLQJ DQG ELPDQXDO
FRRUGLQDWLRQ 5RODQG HW DO  *HUORII HW DO  WKH G30& LV LQYROYHG LQ
UHVSRQVH VHOHFWLRQ EDVHG RQ DUELWUDU\ FXHV DQG LQ WKH FRQWURO RI DUPPRYHPHQWV
.XUDWDDQG:LVH3LFDUGDQG6WULFN&KRXLQDUGHWDODQGWKHY30&







RI VWUXFWXUDO DQG IXQFWLRQDOPRGLILFDWLRQV $V VXFK FRUWLFDO SODVWLFLW\ LV DQ LQWULQVLF






WUDQVFUDQLDOPDJQHWLF VWLPXODWLRQ 706 RU IXQFWLRQDOPDJQHWLF UHVRQDQFH LPDJLQJ
I05,LWLVSRVVLEOHWRQRQLQYDVLYHO\VWXG\WKHPHFKDQLVPVXQGHUO\LQJORFDODVZHOO
DVQHWZRUNSODVWLFLW\ LQWKHKXPDQEUDLQ3DVFXDO/HRQHHWDO)RUH[DPSOH
XVLQJ I05, LW FRXOG EH VKRZQ WKDW LPSURYHPHQWV LQ PRWRU SHUIRUPDQFH IROORZLQJ
SUDFWLFHDUHDVVRFLDWHGZLWKFKDQJHVLQWKHDFWLYDWLRQRI0PRYHPHQWUHSUHVHQWDWLRQV
+OXVWLNHWDO;LRQJHWDO/LNHZLVHWKHFRQQHFWLYLW\EHWZHHQUHJLRQV
HQJDJHG LQ PRWRU SHUIRUPDQFH G\QDPLFDOO\ FKDQJHV GXH WR H[SHULHQFH LQ KHDOWK\
VXEMHFWV:XHWDORUGXHWRUHFRYHU\SURFHVVHVLQHJVWURNHSDWLHQWV5HKPH
HWDO8VLQJ706LWZDVREVHUYHGWKDWPRWRUUHSUHVHQWDWLRQVRIWKHKDQGDUHD






SDLQIUHH WRRO WR VWLPXODWH WKHKXPDQ FRUWH[:KHQ706 LV DSSOLHGRYHU WKHPRWRU
FRUWH[LWFDQSURGXFHDPXVFOHWZLWFKRULQWHUIHUHZLWKWKHH[HFXWLRQRIPRYHPHQWV
7RGD\706LVXVHGWRPRGXODWHSDWKRORJLFDOQHWZRUNVYLDUHSHWLWLYH706U706RU
WR SUREH SK\VLRORJLFDO SURSHUWLHV RI QHXURQDO WLVVXH 8VLQJ VWHUHRWD[LF IUDPHOHVV
QHXURQDYLJDWLRQ)LJXUHDSUHFLVHVWLPXODWLRQRIWKHXQGHUO\LQJQHXURQDOWLVVXHFDQ
EHDFKLHYHG7KH706FRLOFDQEHFRUHJLVWHUHGWRWKHLQGLYLGXDODQDWRP\RIDVXEMHFW

















706 LV EDVHG RQ )DUDGD\V ODZ RI HOHFWURPDJQHWLF LQGXFWLRQ VD\LQJ WKDW HOHFWULF
HQHUJ\FDQLQGXFHDPDJQHWLFILHOGDQGYLFHYHUVD)DUDGD\7KH706FRLOLV
SRVLWLRQHG WDQJHQWLDOO\ WR WKH VXEMHFWV KHDG DQG D VWURQJPDJQHWLF SXOVH RI VKRUW





























SDLQ WKHUDS\ 'L /D]]DUR HW DO  7KHUH LV HYLGHQFH WKDW ORZ LQWHQVLW\ 706
LQGXFLQJSRVWHULRUDQWHULRU 3$FXUUHQWVHYRNHV ,ZDYHVZLWKD ODWHQF\DERXWPV
ORQJHU WKDQ WKH 'ZDYH ,ZDYH 'D\ HW DO  'L /D]]DUR HW DO D 'L






RI 'ZDYHV ZKLFK FDQ PRVW HDVLO\ EH HYRNHG E\ 706 ZLWK D ODWHURPHGLDO /0






HQKDQFLQJ RU VXSSUHVVLQJ FRUWLFDO H[FLWDELOLW\ EH\RQG WKH VWLPXODWLRQSHULRG7KHVH
FKDQJHV SUREDEO\ UHSUHVHQW ODVWLQJ FKDQJHV LQ V\QDSWLF WUDQVPLVVLRQ LH WKH
LQGXFWLRQRIQHXUDOSODVWLFLW\,WLVZLGHO\DVVXPHGWKDWFKDQJHVLQFRUWLFDOH[FLWDELOLW\

























LQWHUYDO RI  V 7%6 LQWHUPLWWHQW 7%6 L7%6 OHDGV WR /73OLNH HIIHFWV ZKHUHDV D
FRQWLQXRXV DSSOLFDWLRQ RI  V FRQWLQXRXV 7%6 F7%6 OHDGV WR /7'OLNH HIIHFWV
+XDQJHWDOL7%6DIWHUHIIHFWVPDQLIHVWLQDQLQFUHDVHRI0(3DPSOLWXGHVRI
DERXW  PLQXWHV GXUDWLRQ RI VWLPXODWLRQ  V ZKHUHDV F7%6 LQGXFHV D
GHFUHDVHLQ0(3DPSOLWXGHVIRUXSWRPLQXWHVGXUDWLRQRIVWLPXODWLRQV,W
KDV EHHQ SURSRVHG WKDW F7%6 SUHIHUHQWLDOO\ UHGXFHV ,ZDYHV ZKHUHDV L7%6 DQG
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The mechanisms driving cortical plasticity in response to brain
stimulation are still incompletely understood. We here explored
whether neural activity and connectivity in the motor system relate
to the magnitude of cortical plasticity induced by repetitive tran-
scranial magnetic stimulation (rTMS). Twelve right-handed volun-
teers underwent functional magnetic resonance imaging during rest
and while performing a simple hand motor task. Resting-state func-
tional connectivity, task-induced activation, and task-related effec-
tive connectivity were assessed for a network of key motor areas.
We then investigated the effects of intermittent theta-burst stimu-
lation (iTBS) on motor-evoked potentials (MEP) for up to 25 min
after stimulation over left primary motor cortex (M1) or parieto-
occipital vertex (for control). ITBS-induced increases in MEP ampli-
tudes correlated negatively with movement-related fMRI activity in
left M1. Control iTBS had no effect on M1 excitability. Subjects
with better response to M1-iTBS featured stronger preinterventional
effective connectivity between left premotor areas and left M1. In
contrast, resting-state connectivity did not predict iTBS aftereffects.
Plasticity-related changes in M1 following brain stimulation seem
to depend not only on local factors but also on interconnected brain
regions. Predominantly activity-dependent properties of the cortical
motor system are indicative of excitability changes following induc-
tion of cortical plasticity with rTMS.
Keywords: brain stimulation, neuromodulation, plasticity, repetitive TMS
Introduction
Fundamental processes of the brain like learning and acqui-
sition of new motor skills depend on neuronal plasticity in a
number of spatially distributed but interconnected brain
regions. Methodological advances in neuroimaging and non-
invasive brain stimulation—such as repetitive transcranial
magnetic stimulation (rTMS)—have substantially furthered
our knowledge on cortical plasticity and underlying mechan-
isms (for reviews, see, e.g., Censor and Cohen 2011; Dayan
and Cohen 2011). Intermittent theta-burst stimulation (iTBS)
is a speciﬁc type of rTMS that induces changes in cortical
excitability beyond the stimulation period (Huang et al.
2005). When applied to the primary motor cortex (M1) iTBS
increases the amplitudes of motor-evoked potentials (MEPs)
subsequently induced by single-pulse TMS for up to 20 min
(Huang et al. 2005; for a review, see Cárdenas-Morales et al.
2010).
It is widely assumed that long-term potentiation (LTP)- and
long-term depression (LTD)-like processes induced by iTBS
and other rTMS protocols (Huang et al. 2005, 2007), similar
to what has been observed for in vitro stimulation of cortical
synapses (Tsumoto 1992), may play an important role in the
evolution of these stimulation aftereffects (Thickbroom 2007).
There is, however, a considerable amount of interindividual
variability in the response to iTBS (and also other rTMS proto-
cols) which seems to depend on biological factors like age
(Freitas et al. 2011) and genetic polymorphisms of the brain-
derived neurotrophic factor (Kleim et al. 2006; Cheeran et al.
2008), but also on technical aspects such as the direction of
current ﬂow, the intensity of stimulation and the number of
pulses applied (Talelli et al. 2007; Gentner et al. 2008;
Gamboa et al. 2010). Recently, Hamada et al. (2012) showed
that the activation of particular classes of interneurons by
iTBS—as indicated by the recruitment of late indirect waves
(I-waves)—accounts for parts of individual differences in
stimulation aftereffects. Interestingly, these late I-waves were
demonstrated to depend on inﬂuences exerted by premotor
areas, and imply a crucial role of interneuron networks in
human cortical plasticity (Shimazu et al. 2004; Lemon 2008).
Therefore, the question arises whether remote areas might
also inﬂuence the susceptibility to plasticity-inducing stimu-
lation protocols like iTBS. Further support for this hypothesis
derives from patient studies, linking decreased functional
connectivity between premotor and primary motor cortex
with higher susceptibility to rTMS in patients with dystonia
(Quartarone et al. 2003; Koch et al. 2008; Huang et al. 2010).
Moreover, rTMS does not only induce regional changes at
the stimulation site (e.g., M1), but also in spatially remote
parts of the brain (Bestmann et al. 2003, 2005; Esser et al.
2006; Suppa et al. 2008; Cárdenas-Morales et al. 2011). Conse-
quently, it appears reasonable to assume that the physiological
changes following an intervention also depend on how efﬁ-
cient the stimulated area (e.g., M1) is integrated into a given
functional network, for example, the cortical motor system.
In the present study, we addressed the issue of the physio-
logical mechanisms underlying motocortical plasticity from a
system-level perspective using neuroimaging and models of
connectivity (Friston 1994). We scanned a group of healthy
subjects with functional magnetic resonance imaging (fMRI)
during rest and while performing a simple hand motor task in
order to test the hypothesis that the plasticity effects induced
by iTBS on motocortical excitability are related to activity and
connectivity of the motor system. Connectivity was tested
prior to iTBS for a network consisting of key motor areas.
Then, in 2 separate sessions, iTBS was either applied to the
dominant (left) motor cortex or to a control stimulation site
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over parieto-occipital cortex (Herwig et al. 2007; Herwig et al.
2010). MEPs were recorded for a period up to 25-min post-
stimulation. We correlated changes in MEP amplitudes follow-
ing iTBS of M1 (or control) to BOLD activity, functional
resting-state, and dynamic causal modeling of effective con-
nectivity within the cortical motor system. Previous studies
using rTMS showed that the magnitude of intervention effects
is related to M1 activity and its connectivity to premotor areas
(Ameli et al. 2009; Grefkes et al. 2010; Wang et al. 2011). We,
hence, hypothesized that individual patterns of neural activity
in M1 and connectivity between M1 and other relevant motor
areas indicate the susceptibility to a plasticity-enhancing
stimulation protocol like iTBS applied over M1. Given the
relationship between ventral premotor cortex (vPMC), late
I-waves, and iTBS response (Shimazu et al. 2004; Lemon
2008; Hamada et al. 2012), we further reasoned that subjects
showing strong connectivity of this area with M1 would show
especially high magnitudes of changes in cortical excitability
following stimulation with iTBS.
Materials and Methods
Subjects
Twelve healthy, right-handed volunteers (mean age: 39 ± 11 years; 5
females) were recruited. Exclusion criteria were a history of brain
injury, neurologic, or psychiatric disease, the presence of any major
medical illness, or an intake of any medication during the time of the
study. All participants gave their written informed consent for the
experiments, and were paid for participation. The project adhered to
the Declaration of Helsinki and was approved by the Ethics Commit-
tee of the University of Cologne.
Experimental Design
The within-subject design comprised three different sessions per-
formed on different days. In the ﬁrst session, subjects underwent
fMRI measurements during rest and during performance of a simple
hand motor task. In the second and third sessions, either iTBS over
the dominant (left) M1 or over parieto-occipital vertex (Pz, for
control) was carried out in a randomized order with electrophysio-
logical monitoring before and after intervention. The intersession in-
terval was 2–3 days.
Functional MRI
All subjects ﬁrst underwent resting-state fMRI followed by an fMRI
while subjects performed an active motor task. MR images were ac-
quired on a Siemens Trio 3.0 T scanner (Siemens Medical Solutions,
Erlangen, Germany). Both paradigms were measured using a gradient
echo-planar imaging (EPI) sequence with the following parameters:
TR = 2200 ms, TE = 30 ms, FOV = 200 mm, 33 slices, voxel size:
3.1 × 3.1 × 3.1 mm3, 20% distance factor, ﬂip angle = 90°, resting-state
fMRI: 184 volumes, motor task fMRI: 283 volumes. The slices covered
the whole brain extending from the vertex to lower parts of the cer-
ebellum. In addition, high-resolution T1-weighted structural images
were acquired (TR = 2250 ms, TE = 3.93 ms, FOV = 256 mm, 176 sagit-
tal slices, voxel size = 1.0 × 1.0 × 1.0 mm3).
For the resting-state paradigm, subjects were instructed to remain
motionless and to ﬁxate a red cross on a black screen during scan-
ning. The ﬁxation cross was presented on a shielded TFT screen at
the rear end of the scanner, which was visible via a mirror mounted
to the MR head coil. The resting-state session lasted about 7 min, as it
has been shown that longer scanning times provide no signiﬁcant im-
provement of signal-to-noise but promote fatigue of the subjects (Van
Dijk et al. 2010). Preventing fatigue was also the reason for scanning
the subjects with open eyes. The subjects were monitored by means
of an MR compatible infrared camera attached to the end of the
scanner.
The fMRI motor task consisted of visually cued hand movements
with thumb abductions. Written instructions were displayed on the
screen for 1 s indicating whether the left or the right hand had to be
moved in the upcoming block of trials. Subjects were instructed to
perform the movements for 14 s with maximum amplitude at a fre-
quency of 1 Hz as indicated by a blinking circle until a black screen
indicated to rest for the following 15 s. Subjects were trained outside
and inside the scanner until they reached stable performance. Overall,
the motor task used in the present study had only a few degrees of
freedom, with a predeﬁned movement amplitude and low movement
frequency, so that subjects were readily able to perform the task with
high stability after a few (2–3) practice trials. Note that the motor task
activated the same muscles as used for TMS recordings (the left hand
movements were necessary for localizing the motor areas of interest
in the right hemisphere, which were also part of the connectivity
model as described further below).
fMRI Preprocessing
FMRI data were analyzed using Statistical Parametric Mapping
(SPM8; Wellcome Department of Imaging Neuroscience, London, UK,
http://www.ﬁl.ion.ucl.ac.uk). The ﬁrst 4 volumes of each session
(“dummy” images) were discarded from further analysis. The resting-
state and the motor task EPI volumes were then realigned to the
mean image of each time series and coregistered with the structural
T1-weighted image. For the group analyses, all images were spatially
normalized to the standard template of the Montreal Neurological
Institute (MNI, Canada) using the uniﬁed segmentation approach
(Ashburner and Friston 2005). Finally, data were smoothed using an
isotropic Gaussian kernel of 8-mm full-width at half-maximum.
For the resting-state data, variance that could be explained by
known confounds was removed from the smoothed image time
series. Confound regressors included the tissue-class-speciﬁc global
signal intensities and their squared values, the 6 head motion par-
ameters from realignment, their squared values as well as their ﬁrst-
order derivatives (Jakobs et al. 2012; Reetz et al. 2012). Data were
band-pass ﬁltered between 0.01 and 0.08 Hz.
Statistical Analysis: fMRI Motor Task Data
For the hand motor task, statistical analysis was performed in the fra-
mework of the general linear model (GLM). The experimental con-
ditions were modeled using boxcar stimulus functions convolved with
a canonical hemodynamic response function. The time series in each
voxel were high-pass ﬁltered at 1/128 Hz. The 6-head motion par-
ameters, as assessed by the realignment algorithm, were treated as
covariates to remove movement-related variance from the image time
series. Simple main effects for each experimental condition were cal-
culated for every subject by applying appropriate baseline contrasts.
Voxels were identiﬁed as signiﬁcant on the single-subject level if their
t-values passed a height threshold of T > 4.7, corresponding to
P < 0.05 (family-wise error [FWE] corrected for multiple comparisons
at voxel level).
For fMRI group analyses, the parameter estimates of the exper-
imental conditions were compared between subjects (n = 12) in a
second-level GLM with the factor hand (levels “right” and “left”). For
correlation analyses between movement-related BOLD activity and
iTBS aftereffects (see below), the contrast images “right-hand move-
ments versus rest” were entered into an SPM multiple regression
analysis with the individual strength of the iTBS aftereffects on corti-
cal excitability as covariate (see TMS Data Analysis section). As all
TMS parameters were derived from the left motor hand area, we had
a strong anatomical hypothesis with regard to the location of signiﬁ-
cant effects in left M1. We hence performed a small volume correction
(SVC) using an 8-mm sphere centered at the hand knob formation
(Yousry et al. 1997) of the precentral gyrus (MNI coordinates (x, y, z):
−40, −20, 52).
Dynamic Causal Modeling
We used dynamic causal modeling (DCM; Friston et al. 2003) to esti-
mate effective connectivity among key motor areas activated by the
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fMRI motor task. DCM uses a bilinear model (Friston et al. 2003),









where x is the state vector, A represents the endogenous (intrinsic)
connectivity, B( j) represent the task-dependent modulations of the
modeled region driven by the input function u (here: 0 or 1 due to
the boxcar function of the block design employed in the fMRI exper-
iment), and C represents the inﬂuence of direct inputs to the system.
As becomes evident from this formulation, the endogenous connec-
tivity (DCM-A matrix) is always present during the experiment and
hence represents the task-independent component of interregional
coupling. The task-dependent modulations represented in the B
matrix, however, only contribute to the changes in neuronal states
when the respective task is performed, that is, when the value input
function is 1 (not, however, in the baseline condition). The bilinear
model also indicates that endogenous connectivity should not be in-
ﬂuenced or even driven by task-related activity. Rather, the latter will
be independently modeled in addition to it. This, however, does not
exclude that the coupling parameters correlate between DCM-A and
DCM-B.
As DCMs are computed on the single-subject level, we extracted
the BOLD time series (ﬁrst eigenvariate) from 8 volumes of interest
(VOIs) at subject-speciﬁc coordinates within 8-mm spheres around in-
dividually deﬁned activation maxima in the normalized SPMs. The
contrast “right hand movement versus rest” was used to localize the
VOIs in the left hemisphere while the contrast “left hand movement
versus rest” served to extract right hemispheric VOIs. All VOIs were
deﬁned by functional and anatomical criteria based on the individual
activation maps superimposed on the corresponding structural T1
volume using a-priori-deﬁned anatomical constraints: M1 on the
rostral wall of the central sulcus at the “hand knob” formation
(Yousry et al. 1997), supplementary motor area (SMA) on the medial
wall within the interhemispheric ﬁssure between the paracentral
lobule (posterior landmark) and the coronal plane running through
the anterior commissure (Picard and Strick 2001), and vPMC close to
the inferior precentral gyrus and pars opercularis (Rizzolatti et al.
2002). Also other areas constitute important nodes in the motor
system. For example, the dorsal premotor cortex (dPMC) situated in
superior precentral sulcus is a key region in movement planning,
especially with respect to visually guided reaching movements (Rizzo-
latti and Luppino 2001; Prado et al. 2005). However, in DCM, the
stability of model estimation limits the number of areas that can be
included into a model (Penny et al. 2004; Stephan et al. 2009). As
monkey studies showed that neurons in vPMC (areas F4/F5) are
engaged in movements of the hands and ﬁngers while neurons in
dPMC rather code movements of the arm based on visual and somato-
sensory information (Dum and Strick 1992; Rizzolatti et al. 1998), we
decided to include vPMC into our model as the fMRI task primarily
addressed ﬁnger movements (which activated vPMC rather than
dPMC, see Fig. 2). As subjects were requested to move their hands
according to the frequency of the visual pacing cue, activity within
the cortical motor system was assumed to be driven by the visual
system. Strongest activity within the visual cortex was found at the
occipital poles corresponding to the foveal representations in the
primary visual cortex (V1), which was selected as sensory input
region for DCM (Grefkes, Eickhoff et al. 2008). The individual coordi-
nates for all VOIs are given in Table 1.
Connectivity Models
On the basis of published data on anatomical connectivity in
macaque monkeys, we assumed endogenous connections between
SMA and ipsilateral and contralateral M1 (Rouiller et al. 1994),
between SMA and ipsilateral (Luppino et al. 1993) as well as con-
tralateral vPMC (Boussaoud et al. 2005), between vPMC and both
ipsi- and contralateral M1 (Rouiller et al. 1994), as well as homotopic
transcallosal connections among M1–M1 (Rouiller et al. 1994), SMA–
SMA (McGuire et al. 1991), and vPMC–vPMC (Boussaoud et al. 2005).
Evidently, the condition-speciﬁc modulations of interregional coup-
ling do not necessarily affect all possible anatomical connections. We,
therefore, constructed 7 alternative models (see Supplementary
Fig. 1) of connectivity representing biologically plausible hypotheses
on interregional coupling. The models varied in complexity and
numbers of connections ranging from sparsely (e.g., model 1) to fully
connected models (e.g., model 7). We then used Bayesian model se-
lection (Penny et al. 2004) to identify the model yielding the highest
evidence given the data using a random effects approach (Stephan
et al. 2009). Note that we did not employ model selection for the
resting-state data as here coupling parameters (i.e., time-series corre-
lations) are independently computed for each pair of connection
(in contrast to DCM where the estimation of coupling parameters
depends on model structure). The coupling parameters of the most
likely generative model were tested for statistical signiﬁcance by
means of 1-sample t-tests for each experimental session (false dis-
covery rate [FDR] corrected for multiple comparisons, P < 0.05)
(Benjamini and Hochberg 1995). Correlation analyses between iTBS
aftereffects and signiﬁcant DCM coupling parameters were computed
using Statistical Program of the Social Sciences (SPSS 19, Chicago,
2009), and ﬁnally FDR corrected for multiple comparisons.
Statistical Analysis: fMRI Resting-State Data
For the resting-state analysis, times series information (ﬁrst eigenvari-
ates) of the motor VOIs were extracted from the normalized EPIs
at the very same coordinates as used in the DCM analysis. A seed-to-seed
network analysis was computed by means of linear Pearson’s corre-
lations between resting-state time courses of all 6 motor VOIs (P < 0.05,
FDR corrected). Correlation coefﬁcients were converted to Fisher’s
Z-scores using the formula Z ¼ ð1=2Þ % lnð1þ rÞ=ð1& rÞ ¼ artanhðrÞ
to yield approximately normally distributed data in the resting-state
connectivity matrix. This network analysis was complemented by a
seed-based whole-brain group analysis consisting of correlations
Table 1
Local maxima of fMRI BOLD-signal of each subject used as VOIs for DCM
Subject V1_L V1_R SMA_L SMA_R vPMC_L vPMC_R M1_L M1_R
1 −8 −96 −6 12 −96 −8 −6 −7 65 4 −7 56 −56 −4 28 54 14 26 −30 −26 62 32 −22 64
2 −4 −98 0 14 −98 −2 −8 −6 56 4 0 62 −46 2 42 52 10 32 −38 −24 60 34 −18 60
3 −10 −96 −20 18 −98 −10 −6 −8 70 10 0 60 −54 −6 42 58 −8 40 −32 −22 60 36 −20 60
4 −12 −92 −10 16 −98 −4 −6 −8 50 6 −6 66 −54 −16 38 56 −10 48 −34 −26 62 34 −18 58
5 −12 −96 −14 20 −96 −2 −4 −6 50 10 −2 58 −54 6 16 52 8 36 −36 −26 56 40 −26 52
6 −16 −94 −12 22 −92 −10 −6 −6 56 8 −6 60 −56 −2 40 58 4 38 −32 −26 56 32 −24 60
7 −4 −90 −10 22 −94 0 −4 −8 64 8 2 70 −42 −18 58 44 −10 60 −40 −24 58 40 −18 60
8 −10 −98 −10 18 −96 −2 −4 −8 54 6 −8 72 −58 4 34 56 0 46 −38 −22 48 34 −20 63
9 −10 −92 −14 14 −98 −10 −2 −6 60 6 2 56 −42 −8 36 46 4 40 −40 −18 58 36 −22 56
10 −10 −100 −8 12 −94 −8 −4 −4 56 8 2 58 −40 4 34 52 6 40 −34 −24 56 38 −24 54
11 −10 −96 −14 10 −94 −12 −4 0 54 4 4 62 −48 −6 48 56 4 44 −36 −24 58 32 −24 68
12 −10 −92 −14 14 −92 −10 −4 −4 58 8 4 54 −48 −6 46 54 −8 42 −36 −26 58 36 −24 56
Mean −9 −95 −11 16 −95 −6 −5 −6 58 7 −1 61 −50 −4 38 53 1 41 −35 −20 57 35 −21 59
SD 3 3 5 4 2 4 2 2 6 2 4 5 6 8 10 4 8 8 3 3 3 2 2 4
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between seed voxel time courses in stimulated left M1 and time
courses of every other voxel in the brain (Eickhoff and Grefkes 2011;
zu Eulenburg et al. 2012).
Transcranial Magnetic Stimulation
Single-pulse TMS was delivered using a monophasic Magstim 2002
stimulator (Magstim Co., Whitland, Dyfed, UK). MEP amplitudes were
measured from the right abductor pollicis brevis (APB) muscle using
Ag/AgCl surface electrodes (Tyco Healthcare, Neustadt, Germany)
with a belly-tendon montage. The EMG signal was ampliﬁed, ﬁltered
(0.5 Hz high-pass and 30–300 Hz band-pass) and digitized with a
Powerlab 26T and LabChart software package version 5 (ADInstru-
ments, Ltd., Dunedin, New Zealand). The position of the electrodes
was photographed in a standard montage, and used as reference for
the second iTBS session to minimize intersession variability.
The coil was positioned over the hand area of M1, tangentially to
the scalp with the handle-pointing posterior. The “motor hotspot”
over left M1 was deﬁned as the location where MEPs could be evoked
with highest amplitude and shortest latencies. The coil position was
marked on the skull using a water-proof pen, and photographed as
anatomical reference for the second iTBS session. The resting motor
threshold (RMT) was deﬁned as the lowest stimulus intensity that eli-
cited at least ﬁve responses ≥50 µV within 10 consecutive single-
pulses with the target muscle at rest (Rossini et al. 1994; Ziemann
et al. 1996; Rothwell et al. 1999).
Theta Burst Stimulation
iTBS was delivered over the left M1 using a Magstim SuperRapid2
stimulator with a ﬁgure-of-eight coil (70-mm standard coil, Magstim
Co., Whitland, Dyfed, UK). In line with other groups (Huang et al.
2005; Hamada et al. 2012) we did not use the SuperRapid2 stimulator
for MEP acquisition as this stimulator can only induce biphasic wave-
forms of the TMS pulse. However, biphasic pulses induce a complex
pattern of activation in the stimulated cortex exciting different neur-
onal populations during the different phases of the pulse, which
results in less homogenous MEPs than those evoked by monophasic
pulses (Terao and Ugawa 2002; Di Lazzaro et al. 2004). We, therefore,
used the Magstim 2002 stimulator to evoke MEPs with monophasic
waveforms (Huang et al. 2005; Hamada et al. 2012). Note that the efﬁ-
ciency of iTBS in increasing cortical excitability was demonstrated not
to dependent of the waveform (bi/monophasic) of the TMS pulse
(Zafar et al. 2008).
iTBS consisted of 3 pulses delivered at a frequency of 50 Hz every
200 ms during 2 s (10 bursts) and repeated every 10 s for a total dur-
ation of 191 s (600 pulses) (Huang et al. 2005). We ﬁrst determined
the motor hotspot for the SuperRapid2-coil (posterior–anterior-
oriented current) followed by the assessment of the RMT (RMTs were
usually higher for the SuperRapid2 than for the Magstim 2002 stimu-
lator). Then, iTBS was delivered at 70% RMT. Note that this is a slight
modiﬁcation with respect to the original iTBS protocol, which uses
80% active motor threshold (AMT, Huang et al. 2005). However, we
assumed similar iTBS response as 70% RMT is usually in a similar
range of absolute stimulator output intensities like 80% AMT (Chen
et al. 1998; Gentner et al. 2008; Sarfeld et al. 2012). Control stimu-
lation was delivered over the parieto-occipital vertex (Pz) using the
same stimulator output intensity as for M1 stimulation. To reduce
possible cortical stimulation effects in the control condition, the coil
was angled at 45°, touching the skull not with the centre but with the
rim opposite the handle. In this position, the coil–cortex distance is
essentially larger such that the electromagnetic ﬁeld, if at all reaching
the cortex, is substantially weaker and far outside the target range
(Herwig et al. 2007; Herwig et al. 2010).
Motor hotspots were deﬁned for both stimulators and marked on
the skull by means of a waterproof pen. MEP amplitudes evoked by
monophasic single-pulse TMS (Magstim 2002 stimulator) were evalu-
ated before and after the delivery of iTBS.
Subjects were comfortably seated in an adjustable armchair with
headrest. Baseline corticospinal excitability (in terms of MEPs) was
assessed by measuring the amplitudes of 36 MEPs in the right APB
muscle at rest as response to single-pulse TMS (posterior–anterior
oriented current) applied with an intensity of 120% RMT at a fre-
quency of 0.2 Hz. After iTBS, batches of MEPs to 12 single TMS
pulses were recorded every 5 min for 25 min (120 RMT, 0.2 Hz) from
the identical position as those evoked before stimulation (Huang
et al. 2005).
TMS Data Analysis
In line with Huang et al. (2005), we analyzed iTBS aftereffects by
means of a 2-way-repeated measures analysis of variance (ANOVA) of
MEP amplitudes normalized to baseline assessments with the factors
“intervention” (2 levels: M1-iTBS vs control-iTBS) and “time” (5 levels:
“5 min,” “10 min,” “15 min,” “20 min,” “25 min”), followed up by
t-tests comparing baseline and MEP amplitudes after different points
in time testing for the temporal maximum of stimulation aftereffects.
For correlation analyses with neural activity and connectivity
(BOLD signal, DCM, and resting-state parameters), we used 2 par-
ameters as index for the strength of the iTBS aftereffects. 1) MEP am-
plitudes after 10 min (i.e., the point of time when strongest and most
signiﬁcant differences were observed between M1 and sham stimu-
lation) and 2) the maximum MEP response (change in MEP amplitude
relative to baseline) over the entire 25-min recording session. This
means that we performed all correlation analyses twice, that is, for the
10-min post-iTBS values and for the maximum iTBS response over
the whole session.
Statistical Correction for Multiple Comparisons
To obtain comparable statistical results, the same approach—FDR cor-
rection for multiple correlations—was used for all analyses performed
in this study. This represents a trade-off between statistical sensitivity
(given the large number of comparisons) and adjustment of P values
required by multiple testing. However, for the main ﬁndings, we, in
addition, also present Bonferroni corrected P-values in order to show
the statistical robustness of the results.
Results
TMS and iTBS were well tolerated and no subject reported rel-
evant side effects. Two participants with high motor
thresholds reported mild headache after the experiment.
iTBS Aftereffects on Electrophysiological Parameters
Mean RMT was 44.5 ± 8.3% for iTBS and 43.0 ± 8.0% of
maximal stimulator output for control stimulation. Baseline
MEP amplitudes were not signiﬁcantly different between
M1-iTBS (0.69 ± 0.46 mV) and control-iTBS (0.80 ± 0.37 mV)
(Student’s t-test; P = 0.259). When testing for an intervention
effect on normalized MEP amplitudes, a 2-way-repeated
measures ANOVA showed a signiﬁcant main effect for “inter-
vention” (F1,10 = 7.10, P = 0.022) but not for “time” (Fig. 1).
Although no signiﬁcant interaction effect was evident
(P = 0.13), which implied that iTBS over M1 induced a lasting
increase in MEP amplitude, we used Student’s t-tests to ident-
ify the point of time with maximal difference between sham
and M1 stimulation (as in Huang et al. 2005). We found that
M1-iTBS yielded the maximum effect, that is, largest and
most signiﬁcant differences in normalized MEP amplitudes
between M1 and sham stimulation at 10 min following stimu-
lation (5 min: P = 0.047, 10 min: P = 0.022, 15 min: P = 0.059).
Hence, iTBS applied over M1 with 70% RMT signiﬁcantly en-
hanced cortical excitability compared with both baseline and
control stimulation (over Pz). No signiﬁcant correlations were
evident for iTBS aftereffects and electrophysiological baseline
parameters (RMT: r =−0.121, P = 0.708; baseline MEP ampli-
tudes: for sham- (r =−0.162, P = 0.616) and M1 stimulation
(r =−0.162, P = 0.614).
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fMRI BOLD Data and iTBS Aftereffects
All subjects were readily able to perform the task with the re-
quested frequency and movement amplitude after a few
seconds of training due to the relative simplicity of the motor
task. Training was performed for the ﬁrst 3 blocks of trials in
order to control for habituation effects (scanner environment,
position of the hands, etc.).
The fMRI group analysis showed that compared with
no-movement (baseline), right-hand movements were associ-
ated with enhanced BOLD activity in a left-lateralized
network comprising left M1, SMA, bilateral vPMC, bilateral
primary, and higher visual areas (V1–V5), as well as subcorti-
cal regions like left thalamus, left putamen, and right anterior
cerebellum (see Fig. 2A; P < 0.05, FWE corrected at the voxel
level). Movements of the left hand yielded a similar, yet
mirror-reversed network of activity.
In order to test whether the fMRI BOLD signal during
movements of the right hand was related to the iTBS afteref-
fect on MEP amplitudes, we performed an SPM multiple
regression analysis of the respective individual contrast
images and the relative increase of MEP amplitudes (percen-
tage compared with baseline) after 10 min (referring to the
moment of strongest iTBS aftereffects upon M1 stimulation,
see above). This analysis showed a negative correlation
between iTBS aftereffects and the BOLD signal in a cluster of
voxels at the motor hand knob (see Fig. 2B; local maximum
at MNI coordinates (x, y, z): −40, −20, 52; T = 2.84, P = 0.048;
small volume corrected on the voxel level): Subjects showing
stronger M1-iTBS aftereffects were those with less preinter-
ventional task-related neural activity in the stimulated area.
Furthermore, when plotting this cluster of voxels correlating
with iTBS aftereffects together with the peak activation
cluster for movements of the respective hand, we observed
that the local activation maxima did not overlap but lay adja-
cent to each other (see Supplementary Fig. 3). This means
that those subjects who had more extended activation clusters
around the group local maximum were those with less
response to iTBS.
When correlating the imaging data with the maximum iTBS
aftereffect over the 25-min recording session, we only found a
trend toward signiﬁcance in the same M1 cluster (P < 0.1). No
further correlations between neural activation within other
motor regions than M1- and iTBS-effects were evident. The
equivalent correlation with the MEP data from the
control-iTBS session did not yield any signiﬁcant result.
Resting-State Connectivity and iTBS Aftereffects
The group analysis showed that during the resting-state, inter-
regional coupling among the motor VOIs was predominantly
signiﬁcant for interhemispheric connections, that is, between
SMA-SMA, vPMC-vPMC, M1-M1; left SMA-right vPMC; right
SMA-left vPMC and left SMA-right M1 (P < 0.05, FDR cor-
rected). The analysis further revealed signiﬁcant intrahemi-
spheric resting-state coupling between SMA and vPMC in
both hemispheres, as well as a signiﬁcant connection
between left SMA-left M1 (see Fig. 3B). More importantly,
there was no signiﬁcant correlation between any of the
resting-state parameters and iTBS aftereffects (P > 0.1, for all
comparisons). Likewise, correlations between individual left
M1 seed voxel maps and iTBS aftereffect sizes did not show
signiﬁcant effects. Hence, in our sample of subjects, we did
not ﬁnd a signiﬁcant relationship between resting-state coup-
ling of M1 and iTBS aftereffects.
Figure 1. Changes in MEP amplitude following real- (squares) and sham-iTBS
(triangles), normalized to prestimulation MEP amplitudes. Asterisk indicates signiﬁcant
aftereffect following real-iTBS compared with sham; P<0.05; Student’s t-test.
Figure 2. (A) BOLD activation changes during the movement of the right hand (P< 0.05; FWE corrected at voxel level; color bar represents t-values). Activation clusters were
surface-rendered onto canonical brain. (B) SPM regression analysis: cluster of neural activation at the hand knob area negatively correlated with iTBS aftereffects (changes in
MEP amplitude 10-min post-stimulation; r=−0.64, P< 0.05, SVC corrected on the voxel level). CS, central sulcus; L, left; R, right.
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DCM Connectivity and iTBS Aftereffects
We tested 7 alternative models of interregional connectivity
(see Supplementary Fig. 1). These models varied in complex-
ity and numbers of connections ranging from sparsely (e.g.,
model 1) to fully connected models (e.g., model 7). The
experimental input (C matrix) was set to bilateral V1 for all
models, as visual cues were used to trigger the movement fre-
quency during the fMRI motor task. We assumed connections
between bilateral V1 and all nodes of our network. It is essen-
tial to note that coupling parameters obtained from DCM refer
to functional interactions, but do not necessarily reﬂect direct
axonal connections. For example, the relay of visual infor-
mation toward the premotor regions, e.g., via parietal regions
that were not explicitly modeled in the DCM should be
implicitly reﬂected in the derived rate constants of our model
for effective connectivity within the cortical motor system.
The model selection procedure identiﬁed model 7 (see Sup-
plementary Fig. 1) with fully connected VOIs as the most
likely generative model given the data.
Endogenous Coupling
Endogenous coupling (DCM-A matrix) refers to the coupling
of areas independent of the effect of condition, that is,
whether subjects moved the left or right hand. Note that this
is not equivalent to an analysis of the resting-state as the
whole times series information including the movement con-
ditions are used to estimate endogenous connectivity. There-
fore, endogenous coupling represents the constant
component of connectivity in the activated motor system.
Overall, endogenous connectivity between the motor areas
of interest was symmetrically organized across hemispheres
(P < 0.05, FDR corrected for multiple comparisons). Endogen-
ous coupling within the left or right hemisphere was positive
for the interaction between the SMA, vPMC, and M1 with
strongest effects for connections targeting M1. A negative
coupling was found for interhemispheric connections among
both M1, indicating an inhibitory connection among bilateral
M1 (see Supplementary Fig. 2).
There were signiﬁcant (P < 0.05, FDR corrected) positive
correlations between iTBS aftereffects and endogenous coup-
ling parameters from left SMA to left vPMC (r = 0.81,
P = 0.021), from left vPMC to left M1 (r = 0.78, P = 0.028), and
from left M1 to left vPMC (r = 0.74, P = 0.048). After Bonferro-
ni correction, the connection from left SMA to left vPMC re-
mained signiﬁcant (r = 0.81, P = 0.043), while the coupling
from left vPMC to left M1 showed a trend of signiﬁcance
(r = 0.78, P = 0.083). Hence, in contrast to the resting-state
data, the iTBS-effect on excitability of left M1 was predicted
by a stronger preinterventional, endogenous coupling of pre-
motor areas with left M1. There were no signiﬁcant corre-
lations between endogenous coupling parameters and
control-iTBS aftereffects.
Hand Movement-Speciﬁc Coupling
The modulation of interregional coupling induced by moving
the right hand featured increases in the promoting inﬂuences
of left vPMC and left SMA with left M1, but also inhibition of
right M1 (see Fig. 4; P < 0.05, FDR corrected). Movements of
the left hand were associated with a similar yet mirror-
reversed modulation of coupling. The DCM-A and DCM-B
matrices yielded a weak but signiﬁcant correlation (r = 0.473,
P = 0.008). This means that subjects with higher intrinsic/
endogenous coupling parameters also showed a stronger
modulation of these connections during movements of the
right hand.
For correlations with iTBS aftereffects, we only considered
coupling parameters estimated for data recorded during
movements of the right hand, as MEPs were recorded from
the right APB muscle. Here, we found signiﬁcant correlations
(FDR corrected for multiple comparisons) for couplings from
left SMA to left vPMC (r = 0.85, P = 0.004), from left vPMC to
left SMA (r = 0.79, P = 0.010), from left vPMC to left M1
Figure 3. Resting-state fMRI analysis. (A) Seed-based whole-brain group analysis (seed region: left M1; MNI coordinates −36 −24 58, that is, the local maximum of the group
analysis in Fig. 2A). Correlated fMRI time courses were not only found in the vicinity of the seed voxel, but also in homotopic regions in the contralateral hemisphere (voxel
threshold: P< 0.05; color bar represents t-values). However, these correlations did not predict the iTBS aftereffects. (B) Network analysis testing for correlated resting-state
activity in key regions of the motor system. Coordinates were derived from the motor task data of each individual subjects. We found strongly correlated (linear Pearson’s
correlations; P<0.05, FDR corrected) BOLD times courses especially for interhemispheric connections as well as for intrahemispheric coupling between left SMA and M1, as
well as left SMA and right M1 (correlation coefﬁcients given as Fisher’s z-scores). M1, primary motor cortex; SMA, supplementary motor area; vPMC, ventral premotor cortex.
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(r = 0.87, P = 0.003), and from left M1 to left vPMC (r = 0.88,
P = 0.005). All of these connections remained signiﬁcant after
Bonferroni correction for multiple comparisons (SMA-vPMC:
P = 0.013; vPMC-M1: P = 0.006; M1-vPMC: P = 0.005), except
the coupling from left vPMC to left SMA (P = 0.072), which
showed a statistical trend. That is, greater M1-iTBS aftereffects
most likely occurred in subjects with stronger excitatory coup-
lings between left SMA and vPMC as well as between left
vPMC and M1. Of note, all signiﬁcant effects were found for
connections within the stimulated hemisphere although also
coupling parameters of the nonstimulated (i.e., right) hemi-
sphere were considered in the analysis. The same connections
also signiﬁcantly correlated when using the maximum effect
across the 25 recording sessions as covariate (P < 0.05, for all
comparisons). Control-iTBS aftereffects did not yield any
signiﬁcant correlations.
Discussion
ITBS applied over left M1 was well tolerated and resulted in
signiﬁcant enhancement of cortical excitability for up to 10
min with a strong statistical trend for 15 min. Two prestimula-
tion settings correlated with individual iTBS susceptibility as
indexed by higher poststimulation MEPs: 1) a relatively focal
and low level of movement induced BOLD-activity in the left
stimulated M1 and 2) strong intrahemispheric excitatory coup-
lings between left SMA and left vPMC, and from left vPMC
driving the stimulated (left) M1. In contrast, individual iTBS
aftereffects were not predicted by functional connectivity of
these areas during resting-state. Our data hence strongly
suggest that predominantly activity-dependent properties of
the cortical motor system, especially among M1, vPMC, and
SMA, are indicative of excitability changes following induction
of cortical plasticity with iTBS.
Modulating Cortical Excitability with iTBS
The cellular and neurophysiological mechanisms underlying
iTBS-effects to date remain poorly understood (Thickbroom
2007; Cárdenas-Morales et al. 2010). One hypothesis is that
rTMS protocols like iTBS induce synaptic plasticity changes,
comparable with LTP—like effects, similar to what has been
observed for the stimulation of preparations of synaptic con-
nections in vitro (Tsumoto 1992). Neuropharmacological
studies showed that the response to iTBS is—at least partially
—dependent on NMDA-receptor activity (Huang et al. 2007;
Teo et al. 2007), resembling LTP-like effects observed in
animal studies (Hrabetova and Sacktor 1997). Another mech-
anism possibly involved in the evolution of iTBS aftereffects
lies in the alteration of the cortical inhibitory system, as
suggested by human electrophysiological (Di Lazzaro et al.
2008) and animal studies (Benali et al. 2011; Funke and
Benali 2011). However, the individual responses to iTBS have
been shown to be relatively variable (Ridding and Ziemann
2010) which is relevant when using iTBS to manipulate corti-
cal excitability. Hamada et al. (2012) found that about 50% of
variability regarding the individual susceptibility to iTBS
could be explained by which forms of I-waves (early/late;
depending on different MEP latencies upon different coil
orientations) can be recruited in a given subject. These
I-waves evolve depending on which types of interneurons are
affected by the stimulation (Hamada et al. 2012). Such an
interpretation is supported by recent ﬁndings in animal
models which showed that iTBS interferes with the activity of
distinct subgroups of inhibitory interneurons in the cortex of
the rat (Funke and Benali 2011) as indicated by changes in
the expression of activity-dependent proteins like the calcium-
binding proteins Parvalbumin and Calbindin.
Neural Activation and iTBS Aftereffects
We found that both fMRI activities at the stimulation site as
well as strong connectivity within the motor network of the
stimulated hemisphere are indicative of a better response to
iTBS. Although a simple fMRI motor task was used in this
study subtle variation in task performance between subjects
(e.g., differences in force, timing, or velocity) might have
Figure 4. (A) Effective connectivity during movements of the right hand as estimated by dynamic causal modeling (DCM-B; green arrows represent positive coupling, red arrows
indicate negative coupling). Strongest coupling estimates were found for interactions targeting left M1, while neural activity in right M1 was inhibited by both intra- and
interhemispheric interactions (P< 0.05, FDR corrected for multiple comparisons) (B) Signiﬁcant correlations of DCM coupling parameters with iTBS aftereffects (P<0.05, FDR
corrected). Here, high preinterventional coupling estimates between left vPMC and left SMA as well as between left vPMC and M1 predicted stronger iTBS aftereffects after 10
min. Note that VOIs were identical to those used for the resting-state analysis (Fig. 3). Abbreviations as in Figure 3.
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increased the experimental variance (i.e., “noise”). Therefore,
it might well be that also activity and connectivity of other
areas are related to plasticity-inducing effects, albeit to a
weaker degree than the signiﬁcant ﬁndings in the present
study (representing the most robust effects). However, as the
main focus of the present study was to investigate the role of
connectivity in stimulation aftereffects, we rather preferred a
simple motor task with robust BOLD activation patterns, as
for DCM a reliable deﬁnition of the regions of interest is man-
datory in the individual SPMs of each and every subject.
ITBS applied over left M1 compared with control stimu-
lation was demonstrated to decrease BOLD activity in M1
during a right hand choice-reaction task (button-press task
upon visual cue) (Cárdenas-Morales et al. 2011). These ﬁnd-
ings probably reﬂect increased efﬁcacy of neural signal trans-
mission resulting in less neural activity required to
accomplish the motor task. In line with this assumption, we
found a negative correlation between changes of MEP ampli-
tudes following iTBS and larger clusters of movement-related
M1 stimulation prior to stimulation. Our data hence suggest
that subjects with more focused M1 BOLD activity (possibly
reﬂecting that less neural resources were needed to perform
the task) were more responsive to iTBS. In healthy subjects,
extended motor system activity is typically observed during
learning of a new motor skill, which focuses during consoli-
dation (Toni et al. 1998; Floyer-Lea and Matthews 2004; Park
et al. 2010). In patient populations with motor impairments,
we usually observe more extended, that is, less focal activity
in motor areas, which focuses during the process of motor re-
covery (Chollet et al. 1991; Ward et al. 2003; Eickhoff et al.
2008; Grefkes, Nowak et al. 2008). Hence, more extended
activity and less premotor–M1 connectivity are indicative for
lower levels of motor performance and/or more effort to
perform a given motor task. Accordingly, a more focal pattern
of task-induced BOLD activity in M1 reﬂects a more efﬁcient
cortical motor network, which might have more capacity
to respond to a plasticity-enhancing intervention. We thus
speculate that subjects who showed a strong response to iTBS
had “a more efﬁcient” intrinsic motor network architecture
with less need to recruit larger parts of M1 when moving the
hand (i.e., more focused M1 cluster, cf., Supplementary
Fig. 3) which in turn might have enabled them to recruit
these “inactive” portions of M1 cortex following stimulation.
Connectivity and iTBS Aftereffects
Focally applied interventions like rTMS do not only have
effects on the stimulated region, but may also affect activity in
interconnected regions remote from the stimulation site (Best-
mann et al. 2003, 2005; Suppa et al. 2008; Cárdenas-Morales
et al. 2011). Likewise, the response to rTMS applied over M1
can be modulated by prior stimulation (priming) of remote
areas as demonstrated for contralateral M1 (Ragert et al. 2009)
and ipsilateral SMA (Hamada et al. 2009). Our data show that
certain aspects of the connectivity state of the stimulated
brain region are related to the individual amount of change in
cortical excitability following iTBS and therefore possibly con-
tribute to the evolution of cortical plasticity within the cortical
motor network.
In the current study, we found no signiﬁcant correlations
between resting-state connectivity and iTBS-effects neither for
seed-to-seed voxel analyses nor for M1-functional connectivity
maps. This ﬁnding suggests that resting-state properties of the
motor system have (if at all) only little predictive value for
iTBS aftereffects. One potential caveat to this null result is that
fMRI and TMS measurements were not assessed in the same
session, and hence connectivity might have changed from the
time of the resting-state measurements to the actual stimu-
lation. Evidently, such short-term changes would not be re-
ﬂected in the current analysis. However, earlier studies found
a moderate to high test–retest reliability of functional resting-
state connectivity (Shehzad et al. 2009; Van Dijk et al. 2010),
making this scenario less likely. DCM applied to fMRI data
has also been shown to be highly reliable between sessions
(Schuyler et al. 2010). Moreover, the fact that fMRI activity
and DCM connectivity pattern recorded at the same session in
which the resting-state data were acquired were highly corre-
lated with iTBS aftereffects further implies a relative stability
of the data. Furthermore, other groups found evidence that
resting-state assessments of brain activity are only poorly cor-
related with TBS susceptibility, for example, when compared
with electroencephalography (EEG) recordings (McAllister
et al. 2011). These data well match our resting-state fMRI
results which also were nonpredictive for iTBS aftereffects.
Our ﬁnding that stronger active-state connectivity between
motor areas indicated a better response to iTBS aftereffects
resembles data reported for the auditory system where stron-
ger DCM connectivity of the primary auditory cortex pre-
dicted a better response to rTMS (Andoh and Zatorre 2011).
Interestingly, in the present study also endogenous coupling
among the motor areas (DCM-A) in the stimulated hemisphere
was related to iTBS aftereffects albeit not as strong as ob-
served for the additional effect induced by movements of the
right hand. While it may seem puzzling at ﬁrst that endogen-
ous coupling in DCM is related to iTBS aftereffects whereas
the “endogenous” resting-state connectivity is not, this appar-
ent discrepancy is readily resolved when considering that, in
these 2 cases, the term “endogenous” has vastly different
meanings. In DCM, endogenous connectivity represents the
constant part of connectivity in the activated motor system,
which also includes the entire task set and—in contrast to
resting-state scans—is speciﬁc to a particular fMRI experiment
(Friston et al. 2003). Therefore, a possible interpretation is
that the biological factors facilitating the coupling of motors
areas in the activated motor system might also enable a
higher susceptibility to plasticity-enhancing interventions like
iTBS. For example, lesions to gray or white matter were de-
monstrated to reduce endogenous coupling between pre-
motor areas and M1 concurrent to reduced motor
performance in stroke patients (Grefkes, Nowak et al. 2008;
Grefkes et al. 2010; Rehme et al. 2011; Wang et al. 2011).
Both the lateral premotor cortex and the SMA region have
dense axonal connections with M1, and both areas are known
to be critical for motor planning and control (Jenkins et al.
2000; Schubotz and von Cramon 2003; Hoshi and Tanji 2004,
2007). Therefore, one explanation for our ﬁnding is that
higher coupling of M1 with premotor areas reﬂects stronger
activity-dependent synaptic transmission, which might impact
on the susceptibility of neuronal excitability to iTBS.
Premotor Connectivity and iTBS Aftereffects
A more speciﬁc interpretation is possible for the signiﬁcant
correlation between the excitatory coupling from left vPMC to
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left M1 and iTBS aftereffects: Hamada et al. (2012) found that
individual aftereffects of iTBS might depend on individual
differences in the recruitment of cortical neurons simulated
with TMS. Subjects in whom late I-waves (estimated by
latency differences of MEPs computed for different coil orien-
tations) were recruited showed high susceptibility to iTBS.
Late I-waves are a part of the MEP generated by stimulation of
M1, possibly reﬂecting the input of complex oligosynaptic cir-
cuits to corticospinal neurons located in M1 (Hamada et al.
2012). These late I-waves have been shown to be enhanced
following iTBS (Di Lazzaro et al. 2008). Electrophysiological
studies in macaques demonstrated that late I-waves are
strongly inﬂuenced by input from neurons located in vPMC
(Shimazu et al. 2004; Lemon 2008). This relationship ﬁts well
with our data, which showed that effective connectivity
between vPMC and M1 was a strong predictor for iTBS after-
effects. However, whether or not I-waves are related to con-
nectivity parameters assessed with fMRI remains to be
explored in future studies.
Furthermore, an alternative line of interpretation of our
ﬁndings is that not only vPMC and M1, but the entire motor
system is engaged in the aftereffects following M1 stimulation.
Given the ﬁnding that the iTBS-effects correlated with connec-
tivity among M1, vPMC, and SMA not only for the feed-
forward, but also for the feedback directions, we hypothesize
that this connection pattern represents the network’s ability to
successfully propagate activity between cortical motor
regions. TMS experiments performed during fMRI acquisition
showed that M1 stimulation does not only induce BOLD
activity in the stimulated region but also in interconnected
motor regions like SMA and premotor cortex (Bestmann et al.
2003). This ﬁts perfectly with our ﬁndings that
plasticity-enhancing stimulation effects were associated with
the connectivity strength among these regions. Therefore, an
interesting (but speculative) interpretation of these relation-
ships is that the whole system including the SMA and pre-
motor cortex rather than a single area only might contribute
to intervention effects. Support for this hypothesis is found in
a study published by Ameli et al. (2009) who could show that
stroke patients with lesions affecting the premotor cortex but
sparing the M1 hand knob region are less responsive to excit-
ability enhancing 10-Hz rTMS. Such effects might, for
example, result from disrupted connectivity of the stimulation
site, which would nicely ﬁt the interpretation of the present
data. Hence, the individual ability to strongly interconnect
important cortical motor regions might underlie the induction
of cortical plasticity within the cortical motor network (as in-
dicated by the correlation with the individual changes in cor-
tical excitability following iTBS).
Esser et al. (2006) demonstrated changes in premotor
cortex activity after iTBS applied to M1 using high-density
EEG. In the present study, we did not assess fMRI after iTBS
as the primary objective of the study was to investigate the
relationship between connectivity and variability in motor
cortex plasticity induced by noninvasive brain stimulation.
Other studies have already demonstrated that rTMS may inter-
fere with connectivity not only at the stimulation site, but also
between remote areas (Grefkes et al. 2010). However, the
effects of iTBS on motor system connectivity remains to be
elucidated in future studies.
Conclusions
iTBS aftereffects on M1 excitability are robustly predicted by a
low level of BOLD activity at the stimulation site as well as
strong effective connectivity among premotor areas, and a
strong excitatory coupling from vPMC to M1. In contrast,
there was no association with connectivity measured at rest.
Importantly, our data conﬁrm that cortical plasticity as
induced by iTBS not only depends on local features of the
stimulated cortex but is also inﬂuenced by interactions with
remote cortical areas. Here, our data suggest that especially
the ventral premotor cortex plays a crucial role in modulating
iTBS responses in M1. Furthermore, the task-dependent inter-
play of M1, vPMC, and SMA seems to be involved in changes
in cortical excitability and therefore cortical plasticity within
the human motor network.
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Dose-Dependent Effects of Theta Burst rTMS on Cortical
Excitability and Resting-State Connectivity of the Human
Motor System
Charlotte Nettekoven,1 Lukas J. Volz,1,2Martha Kutscha,1 Eva-Maria Pool,1 Anne K. Rehme,1 Simon B. Eickhoff,3,4
Gereon R. Fink,2,3 and Christian Grefkes1,2,3
1Max Planck Institute for Neurological Research, 50931 Cologne, Germany, 2Department of Neurology, Cologne University Hospital, 50924 Cologne,
Germany, 3Institute of Neuroscience and Medicine (INM-1, INM-3), Ju¨lich Research Centre, 52428 Ju¨lich, Germany, and 4Institute of Clinical Neuroscience
and Medical Psychology, Heinrich Heine University, 40225 Du¨sseldorf, Germany
Theta burst stimulation (TBS), a specific protocol of repetitive transcranial magnetic stimulation (rTMS), induces changes in cortical
excitability that last beyond stimulation. TBS-induced aftereffects, however, vary between subjects, and the mechanisms underlying
these aftereffects to date remain poorly understood. Therefore, the purpose of this study was to investigate whether increasing the
number of pulses of intermittent TBS (iTBS) (1) increases cortical excitability as measured by motor-evoked potentials (MEPs) and (2)
alters functional connectivitymeasuredusing resting-state fMRI, in a dose-dependentmanner. Sixteenhealthy, human subjects received
three serially applied iTBS blocks of 600 pulses over the primary motor cortex (M1 stimulation) and the parieto-occipital vertex (sham
stimulation) to test for dose-dependent iTBS effects on cortical excitability and functional connectivity (four sessions in total). iTBS over
M1 increasedMEP amplitudes compared with sham stimulation after each stimulation block. Although the increase inMEP amplitudes
did not differ between the first and second block of M1 stimulation, we observed a significant increase after three blocks (1800 pulses).
Furthermore, iTBS enhanced resting-state functional connectivity between the stimulated M1 and premotor regions in both hemi-
spheres. Functional connectivity between M1 and ipsilateral dorsal premotor cortex further increased dose-dependently after 1800
pulses of iTBS over M1. However, no correlation between changes in MEP amplitudes and functional connectivity was detected. In
summary, our data show that increasing the number of iTBS stimulation blocks results in dose-dependent effects at the local level
(cortical excitability) as well as at a systems level (functional connectivity) with a dose-dependent enhancement of dorsal premotor
cortex-M1 connectivity.
Key words: functional connectivity; iTBS; neural plasticity; premotor cortex; resting-state fMRI; supplementary motor area
Introduction
Neural plasticity describes the fundamental property of the brain
to undergo structural and functionalmodifications after patterns
of activity or stimulation (Pascual-Leone et al., 2005). Repetitive
transcranial magnetic stimulation (rTMS) can be used to alter
electrophysiological properties of cortical areas (Wassermann,
1998). Depending on stimulation frequency and pattern, rTMS
may enhance or suppress cortical excitability with effects extend-
ing beyond the stimulation period (Pascual-Leone et al., 1998).
However, responses to rTMS vary considerably between subjects,
and the mechanisms underlying excitability changes remain
poorly understood (Ridding and Ziemann, 2010; Hamada et al.,
2013).
Intermittent theta burst stimulation (iTBS) is a specific rTMS
protocol that effectively increases cortical excitability of the tar-
geted brain region after a relatively short stimulation period
(Huang et al., 2005; Di Lazzaro et al., 2008; Gamboa et al., 2010,
2011; Ca´rdenas-Morales et al., 2013). Neuropharmacological
studies suggest that the response to iTBS, at least in part, depends
onNMDA-receptor activity (Huang et al., 2007; Teo et al., 2007).
Data obtained in rats imply that iTBS interferes with the cellular
expression of various neuronal proteins reflecting the activity
level of the GABAergic inhibitory system (Benali et al., 2011;
Funke and Benali, 2011). Moreover, the application of multiple
iTBS blocks has a dose-dependent effect on the expression of
these proteins in rodents (Volz et al., 2013). In contrast, studies in
humans thus far failed to demonstrate additive aftereffects of
multiple iTBS blocks on motor–cortical excitability (Gamboa et
al., 2010, 2011).
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Importantly, rTMSnot only influences
neuronal properties of the stimulated re-
gion but may also impact on the activity
levels of remote but interconnected areas
(Bestmann et al., 2003, 2004, 2005). Stud-
ies using different kinds of rTMS proto-
cols provide converging evidence that
rTMS can be used tomodulate connectiv-
ity of a given region within a network of
brain areas (Grefkes et al., 2010; Vercam-
men et al., 2010; Eldaief et al., 2011; van
der Werf et al., 2010; Watanabe et al.,
2014). The wealth of studies using rTMS
to modulate human cortical excitability is
contrasted by the dearth of data regarding
dose-dependent effects of rTMS or iTBS
on both local neural activity under the
stimulated area and on remote effects.
In the current study, we thus addressed
the question whether a repeated iTBS
application in humans exerts dose-
dependent effects on (1) regional, cortical
excitability in the primary motor cortex
(M1) and/or (2) motor–network connec-
tivity of the stimulated site (here, M1). To
this end, we used a multimodal approach,
where each of three serially applied iTBS
blocks was followed by the assessment of
(1) motor-evoked potentials (MEPs, cor-
ticospinal excitability) or (2) resting-state
fMRI (functional connectivity) on sepa-
rate days. Based on previous findings
(Gamboa et al., 2010, 2011; Volz et al.,
2013), we hypothesized that iTBS increases
cortical excitability in a dose-dependent
way. Moreover, we hypothesized that iTBS
induces changes in resting-state functional
connectivity (rsFC) between the stimu-
lated M1 and other regions of the (corti-
cal) motor network (Vercammen et al.,




We included 16 healthy, right-handed subjects
(7males,mean! SD age: 27! 3 years) with no
history of neurological or psychiatric diseases.
All subjects provided informed written con-
sent. Right-handedness was verified using the
Edinburgh Handedness Inventory (Oldfield,
1971). The study was performed according to
the Declaration of Helsinki (1969, last revi-
sion 2008) and approved by the local ethics
committee.
Experimental design
Main experiment. We used a single-blind, ver-
tex stimulation controlled crossover within-
subject design to test for the effects of multiple
serially applied iTBS blocks on (1) cortical ex-
citability and (2) functional connectivity. The
experimental design is illustrated in Figure 1. Each subject participated in
two MEP sessions (to assess cortical excitability) and two fMRI sessions
(to assess cortical connectivity) on different days (main experiment, Fig.
1A). Sessions were separated by at least 1 week to avoid carryover effects.
To test for dose-dependent effects, subjects received three iTBS applica-
tions with 600 pulses per application (see below) interrupted by a stim-
ulation break of 15 min (compare Volz et al., 2013) in each session. In
Figure 1. Experimental design. A, Main experiment. Subjects took part in two MEP sessions (M1-iTBS_MEPs, sham-
iTBS_MEPs) and two resting-state fMRI sessions (M1-iTBS_rs-fMRI, sham-iTBS_rs-fMRI) on four separate days. Using a within-
subject design, each subject received three serially applied iTBS blocks over M1 (M1 stimulation) and over the parieto-occipital
vertex (sham stimulation), each followed by the assessment of MEPs or resting-state fMRI. B, Supplemental control experiment. In a
secondexperiment, a subgroupof6 subjects additionally receivedone stimulationoverM1 followedby twostimulationsover theparieto-
occipital vertex (supplemental control stimulation) to test for the specificity of additive aftereffects after serial iTBS overM1.
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two of the four sessions, subjects were stimulated over M1 of the domi-
nant (left) hemisphere (M1 stimulation). In the other two sessions, stim-
ulation was applied over the parieto-occipital vertex (sham stimulation).
Thus, each subject underwent the following four sessions: M1-
iTBS_MEPs, sham-iTBS_MEPs, M1-iTBS_rs-fMRI, and sham-iTBS_rs-
fMRI. In the MEP sessions, MEPs were measured at baseline and after
each iTBS block. Likewise, in the fMRI sessions, resting-state fMRI time
series were acquired at baseline and after each iTBS block. Importantly,
MEP and resting-state fMRI measurements were performed within a
similar time frame: both recordings were started!3 min after the end of
iTBS applications, and lasted !8 min (controlled by a stopwatch). The
order of M1 and sham stimulation was randomized between subjects.
Supplemental control experiment. Six participants from the main ex-
periment were tested in a control experiment to test for the specificity of
putative aftereffects after serial iTBS over M1 (Fig. 1B). Stimulation af-
tereffects were again testedwithMEPs and resting-state fMRI on separate
days. In contrast to themain experiment, subjects now received only one
iTBS block over M1 followed by two sham stimulation blocks over the
vertex (supplemental control experiment, Fig. 1B). Data from the main
experiment (3 " M1 stimulation) were replotted for this subgroup of
subjects (n# 6). This allowed us to differentiate dose-dependent changes
in MEP amplitudes and rsFC after three consecutive M1-iTBS blocks
from stimulation effects resulting from the first M1-iTBS block and con-
secutive changes over time.
Neuronavigated transcranial magnetic stimulation
The position of the TMS coil was tracked and recorded using the
neuronavigation system “BrainSight2” (Rogue Research). For neuro-
navigation, the head of the subject was coregistered with an individual
high-resolution anatomical MR image (voxel size: 1.0" 1.0" 1.0 mm3,
FOV # 256 mm, 176 sagittal slices, TR # 2250 ms, TE # 3.93 ms) via
anatomical landmarks (e.g., nasion and crus helicis) before the hotspot
search.
MEP amplitudes of the abductor pollicis brevis (APB) muscle were
measured using Ag/AgCl surface electrodes (Tyco Healthcare) in a belly-
tendon montage. The EMG signal was amplified, filtered (0.5 Hz high
pass and 30–300Hz bandpass), and digitized with a Powerlab 26T device
and the LabChart software package version 5 (AD Instruments).
For the initial positioning of the TMS coil, the M1 “hand knob” for-
mation was used as an anatomical landmark (Yousry et al., 1997). The
coil was positioned tangentially to the scalp with the handle pointing
posterolaterally. The stimulation “hotspot” for iTBS and MEP acquisi-
tion was defined as the location whereMEPs with highest amplitude and
lowest latency could be evoked. Then, the resting motor threshold
(RMT) was defined using an algorithm provided by the TMS Motor
Threshold Assessment Tool 2.0 (http://www.clinicalresearcher.org/
software.htm). The software defines the RMT in 12 steps using maxi-
mum likelihood calculations based on positive (peak-to-peak amplitude
of at least 50!V) or negative MEP responses as marked by the investiga-
tor via button press. The RMTwas assessed at baseline and after the third
iTBS application on each of the four sessions.
Theta burst stimulation
We used the iTBS protocol described by Huang et al. (2005). Accord-
ingly, iTBS consisted of three pulses delivered at a frequency of 50 Hz (1
burst) applied every 200 ms for 2 s (10 bursts), repeated every 10 s for a
total duration of 191 s (600 pulses). As previously described and evalu-
ated, iTBS was delivered at 70% of the RMT (Gentner et al., 2008; Sarfeld
et al., 2012; Ca´rdenas-Morales et al., 2013). This is a slight modification
to the original iTBS protocol according towhich iTBS has been applied at
80% of the individual active motor threshold (AMT) (Huang et al.,
2005). Our intention was to prevent voluntary preactivation of the target
muscle, which may impact on TBS aftereffects (Gentner et al., 2008;
Huang et al., 2008) but is necessary to assess the AMT. Evidence suggests
that 70%RMT reflects a comparable range of absolute stimulator output
intensities compared with 80% AMT (Chen et al., 1998; Sarfeld et al.,
2012). Furthermore, previous studies already applied TBS with 70% of
the RMT and reported aftereffects that are in perfect accordance to re-
sults using a stimulation intensity of 80% AMT (Gentner et al., 2008;
Ca´rdenas-Morales et al., 2013).
We applied iTBS either over the left, dominantM1 (i.e., the “hotspot”)
or over the parieto-occipital vertex as sham stimulation (Herwig et al.,
2007, 2010). For sham stimulation, the same stimulator output intensity
was used as for M1 stimulation. To reduce possible cortical stimulation
effects in the sham condition, the coil was held at 45°, touching the skull
not with the center but with the rim opposite the handle. In this position,
the coil–cortex distance is substantially larger such that the electromag-
netic field, if at all reaching the cortex, is substantially weaker and far
outside the target range (Herwig et al., 2007, 2010).
On each of the 4 d, iTBS was repeated three times (either 3 " M1
stimulation or 3 " sham stimulation over the vertex) separated by 15
min, leading to a total of 1800 pulses (i.e., iTBS600, iTBS1200, iTBS1800;
Figure 1A). This protocol was previously shown to evoke additive iTBS
aftereffects at the cellular level in rats (Volz et al., 2013). Use of the
neuronavigation system warranted a reliable positioning of the TMS
stimulation site across all sessions and subjects. iTBS was delivered using
aMagstimSuperRapid 2with a figure-of-eight coil (70mmstandard coil,
Magstim).
MEPs
Motor cortex excitability was assessed via MEPs recorded from the APB.
Neuronavigated single-pulse TMS was applied over the same location as
used for iTBS (motor–cortical representation of the APB at the M1
“hand knob” formation) using a monophasic Magstim 2002 stimulator
(Magstim). In line with other groups (Huang et al., 2005; Hamada et al.,
2013), we used different stimulators for MEP acquisition and delivery of
iTBS for the following reason: The SuperRapid2 stimulator, which we
used for high-frequency (burst) stimulation (i.e., iTBS), induces MEPs
with biphasic waveforms exciting different neuronal populations during the
different phases of the pulse. In contrast, the monophasic waveform of the
Magstim 2002 stimulator, which we used for MEP acquisition, results in
more homogeneousMEPs and hence represents the standardway of assess-
ing electrophysiological properties of M1 (Terao and Ugawa, 2002; Di Laz-
zaro et al., 2004). iTBS-induced changes in cortical excitability are
comparable, regardless of the waveform (mono/bisphasic) used to evoke
MEPs via single-pulse TMS (Zafar et al., 2008).
At baseline and after each iTBS application (three blocks separated by
15 min), a stimulus–response curve of MEPs evoked with 90%–150% of
the RMTwas assessed in steps of 10%. TMS pulses were applied at!0.1–
0.2 Hz (acquisition time, !8 min). Two blocks of five pulses were re-
corded in a randomized order for each intensity, except for 120%, which
was assessed in six blocks at five pulses (because 120% represents the
commonly used stimulation intensity, see e.g., Kobayashi et al., 2004;
Ca´rdenas-Morales et al., 2013), adding up to a total number of 90MEPs.
Ten MEPs per intensity have been shown to result in reliable stimulus–
response curves (Carroll et al., 2001).
Data analysis (MEPs)
For each subject and session (M1 stimulation, sham stimulation), MEP
amplitudes acquired after iTBS were normalized to baseline values (i.e.,
MEPs acquired before the first iTBS application in the respective session)
of the respective intensity. This means that after normalization all MEPs
for a given intensity of the stimulus–response curve were close to 1.0 (i.e.,
100%) in case that there was no difference inMEP amplitudes after iTBS.
We used normalized MEP amplitudes to assess changes in cortical excit-
ability rather than absolute MEP amplitudes to account for variance in
RMTs at different stimulation days (i.e., M1 and sham stimulation).
Normalized MEP amplitudes were then entered into a three-way
repeated-measures ANOVA with the factors intervention (2 levels: M1-
iTBS, sham-iTBS), dose (3 levels: iTBS600, iTBS1200, iTBS1800), and
intensity (7 levels: 90–150% of the RMT) using SPSS version 21 (Statis-
tical Package for the Social Sciences, IBM). In case of significant main or
interaction effects, post hoc Student$s t tests were performed to compare
theaftereffectsof the twotypesof stimulationandthedifferentdosesapplied.
Given the clear directional hypothesis that iTBSwould increaseMEP ampli-
tudes (Huang et al., 2005, 2007;Di Lazzaro et al., 2008; Ca´rdenas-Morales et
al., 2013), we used one-tailed post hoc t tests (p" 0.05).
Finally, stimulus–response curves were plotted for each subject using
the absoluteMEP amplitudes. The steepness of the curves was computed
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by means of linear regression analyses, and R 2 values were calculated to
assess the quality of fit using SPSS. Stimulation-induced changes were
again tested by a repeated-measures ANOVA.
MRI
The experimental procedures (iTBS applications) of the fMRI sessions
were equivalent to those of the MEP sessions (Fig. 1A). Instead of MEP
acquisition, however, resting-state fMRI time series were acquired at
baseline and after each block of iTBS. Before the baseline fMRI mea-
surements, the “hotspot” and RMT were assessed using the neuro-
navigation setup described above. Subjects were transported in an
MR-compatible wheelchair into the scanner room between each resting-
state fMRI and iTBS block to avoid any further movement and to obtain
comparable conditions for the resting-state scans.
The fMRI sessions started with a baseline resting-state scan (duration
!8 min) where subjects were instructed to lie motionless in the scanner
with open eyes fixating a red cross, which was presented on a TFT screen
visible through a mirror attached to the MR head coil. After completion
of the resting-state time-series, subjects were asked to perform an active
motor task, which served as a functional localizer for determining coor-
dinates of M1 and other motor related regions for subsequent analyses
(see below). This “activity” condition was acquired after the resting state
scan (i.e., resting-state connectivity estimates were not systematically
influenced by prior motor activity).
After completion of the baseline fMRI session, subjects were trans-
ported from the scanner to the anteroomof theMR console (again sitting
in the MR wheelchair without moving their right arm). After coregistra-
tion with the neuronavigation system (lasting 1–2 min), three blocks of
iTBSwere applied separated by 15min (controlled by a stopwatch). Each
of the three iTBS blocks was followed by another 8 min resting-state
fMRI. Hence, the time protocol in the fMRI sessions was identical to the
one used in the MEP sessions (Fig. 1).
Localizer task. We used a simple motor task as a functional localizer to
identify the location of core motor regions for the subsequent resting-
state analysis. The localizer task consisted of rhythmic thumb abductions
and adductions with the right or left hand activating the same muscle as
used for TMS recordings (APB). Left handmovements were necessary to
also localize motor regions of the hemisphere contralateral to stimula-
tion. Written instructions displayed for 2 s indicated movements of the
left or right thumb for the following block of trials. Abduction–adduc-
tionmovementswere triggered by a blinking circle at the frequency of 1.0
Hz for 15 s until a black screen indicated to rest for 15 s. Six blocks for
each hand resulted in an acquisition time of !7 min. Motor perfor-
mance was visually controlled during the whole assessment by the
experimenter.
Image acquisition and preprocessing (task and resting-state fMRI)
fMRI images were aquired on a Siemens Trio 3.0 T scanner (Siemens
Medical Solutions) using a gradient echo planar imaging (EPI) sequence
with following parameters: TR" 2070ms, TE" 30ms, FOV" 200mm,
31 slices, voxel size: 3.1 # 3.1 # 3.1 mm3, 20% distance factor, flip
angle" 90°, resting-state: 225 volumes (3 dummy images), localizer task:
202 volumes (3 dummy images). Acquisition planes and slice orientation
were identical for the four fMRI assessments (i.e., 1# baseline, 3# post
iTBS sessions) in both theM1 and sham stimulation condition. The slices
covered the whole brain extending from the vertex to the lower parts of
the cerebellum.
fMRI data were analyzed using Statistical ParametricMapping (SPM8,
http://www.fil.ion.ucl.ac.uk/spm/). The first three volumes (“dummy”
images) of each session were discarded from further analyses to allow for
magnetic field saturation. All remaining EPI volumes were realigned to
the mean image of each time series and coregistered with the structural
T1-weighted image. In a next step, all imageswere spatially normalized to
the standard template of the MNI using the unified segmentation ap-
proach (Ashburner and Friston, 2005) and smoothed using an isotropic
Gaussian kernel of 8 mm full-width at half-maximum.
Statistical analysis: functional localizer task
In the functional localizer task, the two experimental conditions (move-
ments of the left or right thumb) were modeled using boxcar stimulus
functions convolved with a canonical hemodynamic response function.
The time series of each voxel were high-pass filtered at 1/128 Hz. The six
head motion parameters, as assessed by the realignment algorithm, were
treated as covariates to remove movement-related variance from the
image time series. Simple main effects for each experimental condition
were calculated for each subject by applying appropriate baseline con-
trasts. Voxels were identified as significant on the single-subject level if
their T-values passed a height threshold of p ! 0.001 (T " 3.14). The
individual M1 coordinates of the stimulated hemisphere were then used
as seed regions for the resting-state whole-brain analysis (see below). For
the group analysis, the parameter estimates of all conditions (main effect
right thumb movements, main effect left thumb movements) were sub-
sequently entered into a full factorial ANOVA. Voxels were considered
significant when passing a height threshold of p! 0.05, family-wise error
(FWE)-corrected (T" 5.72).
Statistical analysis: resting-state fMRI
For the statistical analysis of the resting-state data, variance that could be
explained by known confounds was removed from the smoothed fMRI
time-series. Confound regressors included the tissue-class-specific global
signal intensities and their squared values, the six head motion parame-
ters, their squared values, and their first-order derivatives (Jakobs et al.,
2012; Reetz et al., 2012; Satterthwaite et al., 2013). A bandpass filter was
used to preserve only frequencies between 0.01 and 0.08 Hz in the time-
series data.
First, a seed-basedwhole-brain group analysis was computed: the time
course within a sphere of 10 mm-diameter centered on the seed voxel
(here, left M1, single-subject coordinates derived from localizer task;
Table 1) was correlated with the time course of every other voxel in the
brain by means of linear Pearson’s correlation (Eickhoff and Grefkes,
2011; zu Eulenburg et al., 2012). Correlation coefficients were converted
to Fisher’s z-scores using the formula z " (1/2) # ln(1 $ r)/(1 % r) "
atanh(r) to yield approximately normally distributed data.
To determine changes in functional connectivity after iTBS, individual
baseline functional connectivity maps were subtracted from the respec-
tive maps after iTBS for each subject. For group level analysis, the indi-
vidual subtraction maps were subsequently entered into a “flexible
factorial” general linear model analysis in SPM8 with the factors subject
and intervention (2 levels: M1-iTBS and sham-iTBS) and dose (3 levels:
iTBS600, iTBS1200, and iTBS1800). Then, differential contrast were
computed between (1)M1 and sham stimulation for iTBS600, iTBS1200,
and iTBS1800, as well as (2) between the different doses applied (i.e.,
iTBS1800/iTBS1200, iTBS1800/iTBS600, and iTBS1200/iTBS600) for
both stimulation conditions. The resting-state maps were masked by
Table 1. Single-subject coordinates of left primarymotor cortex (M1) derived from
the respectivemotor task baseline conjunction of both assessment daysa
MNI coordinates
Subject x y z
1 %34.5 %25.5 57
2 %40.5 %24 61.5
3 %40.5 %22.5 64.5
4 %37.5 %16.5 54
5 %30 %31.5 70.5
6 %40.5 %19.5 63
7 %42 %16.5 58.5
8 %31.5 %24 70.5
9 %33 %27 49.5
10 %40.5 %22.5 48
11 %42 %21 48
12 %39 %24 54
13 %43.5 %21 60
14 %43.5 %21 63
15 %36 %30 57
16 %34.5 %28.5 60
Mean %37 %24 56.4
SD 4.9 3.2 5.4
aSingle-subject coordinates were used as seed regions for the resting-state whole-brain analysis.
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cytoarchitectonic probability maps of frontoparietal sensorimotor areas
(Brodmann areas 6, 4 a/b, 3 a/b, 2, and 1) to focus inference on rsFC
within the cortical sensorimotor network as provided by the SPM Anat-
omy Toolbox (Eickhoff et al., 2005). The statistical threshold was set to
p! 0.05, family-wise error (FWE)-corrected at the cluster level.
Finally, to test whether iTBS applied over M1 also had influences on
functional connectivity of nonmotor networks, an additional group
analysis was performed for the visual network using an equivalent pro-
cedure as for theM1maps. Accordingly, seed-basedwhole-brain connectiv-
ity maps were computed using the left primary visual cortex (V1) as seed
region (Table 2; individual coordinateswerederived fromthe localizer task).
Like theM1maps, visual resting-state connectivitymaps were subsequently
masked by the respective cytoarchitectonic probabilitymaps as provided by
the SPMAnatomy Toolbox (Eickhoff et al., 2005).
ROI analysis
As we hypothesized that rsFC would increase dose-dependently between
M1 and distinct motor regions, we performed small-volume corrections
in different ROIs for following contrasts: iTBS1800 versus iTBS600,
iTBS1800 versus iTBS1200, and iTBS1200 versus iTBS600. Based on pre-
vious studies, reporting altered neural activity or rsFC after rTMS in
distinct motor regions (Bestmann et al., 2004;Watanabe et al., 2014), we
chose the following ROIs (group MNI coordinates, x y z): bilateral sup-
plementary motor area (SMA, left: !4.5, !9, 64.5, right: 6, !3, 69),
bilateral dorsal premotor cortex (dPMC, left: !31.5, !9, 60, right: 36,
!9, 60), and right contralateralM1 (30,!28, 57). Connectivity estimates
in these regions were FWE-corrected on the voxel level (p" 0.05) using
10 mm spheres centered around the respective ROI coordinate.
Correlation between MEP amplitudes and rsFC
Finally, we tested for correlations between dose-dependent changes ob-
served at the electrophysiological level (i.e., MEPs) and changes at the
systems level (i.e., rsFC). Therefore, contrast images (iTBS1800 vs
iTBS1200; iTBS1800 vs iTBS600)were entered into SPMmultiple regres-
sion analyses, including differences in normalized MEP amplitudes
(iTBS1800 vs iTBS1200; iTBS1800 vs iTBS600) as covariates.
Results
iTBS aftereffects on electrophysiological parameters
Main experiment
Resting motor thresholds did not differ between M1 (32.3 #
6.3% maximal stimulator output [MSO]) and sham stimulation
(33.4 # 7.3% MSO) (p $ 0.164). Furthermore, iTBS had no
effect on the RMT after the third iTBS block compared with
baseline (M1 stimulation: 32.5 # 6.8% MSO, p $ 0.78; sham
stimulation: 33.7 # 6.2% MSO, p $ 0.74). MEP amplitudes ac-
quired at baseline were also not significantly different for M1
compared with sham stimulation (p% 0.3 for each comparison).
A three-way repeated-measures ANOVA testing for iTBS af-
tereffects on normalized MEP amplitudes revealed a significant
main effect of the factor intervention (two levels: M1-iTBS,
sham-iTBS; F(1,15)$ 8.78, p$ 0.010) and an interaction effect for
intervention (two levels: M1-iTBS, sham-iTBS) & dose (three
levels: iTBS600, iTBS1200, iTBS1800) (F(2,30)$ 5.61, p$ 0.009).
The interaction effect indicated that there was a dose-dependent
effect on MEP amplitudes depending on whether subjects re-
ceived M1-iTBS or sham-iTBS. In contrast, there were no signif-
icant effects of the factor intensity (seven levels: 90%–150%
RMT, p " 0.05 for each comparison). However, the interaction
effect of the factors intervention & dose & intensity showed a
statistical trend (F(12,180) $ 1.60, p $ 0.095). When plotting the
normalized MEP amplitudes for the different intensities (Fig. 2),
dose-dependent iTBS aftereffects tended to bemore pronounced
at low-stimulation intensities (90%–110%RMT) compared with
higher-stimulation intensities (120%–150% RMT).
To further explore what drives the significant interaction effect
intervention&dose,weperformedposthoc t testsonMEPsaveraged
across intensities for a givenblock of iTBS. This analysis showed that
averaged MEP amplitudes were significantly higher after M1-iTBS
compared with sham-iTBS for all doses: iTBS600 (p $ 0.019),
iTBS1200 (p$ 0.040), and iTBS1800 (p$ 0.002) (Fig. 3). Further-
more, aftereffects of M1-iTBS were significantly enhanced for
iTBS1800 compared with iTBS1200 (p$ 0.042) and iTBS600 (p$
0.024), whereas there was no significant difference between
Table 2. Single-subject coordinates of left primary visual cortex (V1)
MNI coordinates
Subjects x y z
1 !10.5 !94.5 !9
2 0 !94.5 !16.5
3 !16.5 !103.5 !4.5
4 !9 !100.5 !12
5 !18 !88.5 !9
6 !19.5 !99 !15
7 !16.5 !105 !9
8 !16.5 !99 !12
9 !16.5 !100.5 !6
10 !15 !102 1.5
11 !13.5 !102 !6
12 !18 !102 !9
13 !18 !102 !9
14 !16.5 !102 !10.5
15 !15 !96 !3
16 !12 !105 !12
Mean !18.6 !101.3 !10
SD 6.8 3.1 3.9
Figure2. Main experiment:MEPamplitudes normalized to baseline (gray) at different stim-
ulation intensities relative to theRMT.A, shamstimulation.B,M1 stimulation.Dose-dependent
iTBS aftereffects seem to bemore pronounced at near-threshold stimulation intensities (90%–
110% of the RMT) compared with higher stimulation intensities (120%–150% of the RMT).
Nettekoven et al. • Dose-Dependency of iTBS J. Neurosci., May 14, 2014 • 34(20):6849–6859 • 6853
iTBS600 and iTBS1200 (p! 0.390). In the
sham condition, MEPs decreased after
iTBS1800 compared with iTBS1200
(p ! 0.023) (Fig. 3). There was no sig-
nificant difference between iTBS600 and
iTBS1200 as well as iTBS1800 after sham
stimulation.
In addition, to test whether increases
in MEP amplitudes after M1 stimulation
were significantly different from baseline,
we computed one-sample t tests on the
respective differences for each stimulation
session. We found that normalized MEP
amplitudes after 600 (p ! 0.047) and
1800 (p! 0.013) pulses of iTBS over M1
were significantly higher compared with
baseline and that a strong statistical trend
was evident after 1200 pulses of M1-iTBS
(p ! 0.052). When computing t tests on
absolute MEP amplitudes, significant dif-
ferences were also observed between base-
line MEPs and iTBS1800 (p " 0.01),
whereas differences between baseline and
iTBS600 and iTBS1200 did not pass the
statistical thresholds. This result can be
explained by the large amount of
between-subject variance in absolute
MEP amplitudes at baseline (range: 0.2–
2.2 mV), highlighting the importance of
normalization for detecting stimulation
aftereffects (Huang et al., 2005, 2008;
Gentner et al., 2008).
AveragedR2 values indicated a good fit
of the stimulus–response curves to the lin-
ear regression models (M1 stimulation:
R2! 0.86# 0.02, sham stimulation:R2!
0.87# 0.03). To test whether stimulation
over M1 altered the steepness of the stim-
ulus–response curves, the slopes of the in-
dividual stimulus–response curves were
entered into a repeated-measures ANOVA.
However, this analysis did not show a sig-
nificant effect of the factor dose (4 levels:
baseline, iTBS600, iTBS1200, and iTBS1800),
indicating that increasing the number of
iTBS pulses had no effect on the slope of
the stimulus–response curves.
Supplemental control experiment
Six subjects, who also participated in the
main experiment, were invited to a second
experiment in which they received only
one iTBS block over M1 followed by two
sham stimulations over the parieto-
occipital vertex (supplemental control experiment; Fig. 1B).
Here, we found a significant increase in MEP amplitudes com-
pared with baseline after the first stimulation block (p ! 0.018,
Student’s t test; Fig. 4). Likewise, when replotting data from the
main experiment, MEP amplitudes were significantly increased
after one iTBS block over M1 compared with baseline for the
same subjects (n ! 6, p ! 0.024). Accordingly, there was no
significant difference between the main experiment and the con-
trol experiment after the first iTBS block (p ! 0.445). As ex-
pected, in the control experiment, MEP amplitudes decreased
after the second block of iTBS (now applied over the vertex for
control; p! 0.069, iTBS1200 compared with iTBS600) and were
no longer significantly different from baseline. Still, there was no
significant difference between the main experiment and the con-
trol experiment after two iTBS blocks (p ! 0.104). However,
whendirectly comparingMEP amplitudes after three stimulation
blocks between themain experiment and the control experiment,
we found significantly higher amplitudes after three iTBS blocks
overM1 compared with one iTBS block overM1 followed by two
Figure 3. Main experiment:M1 versus sham stimulation. Changes inMEP amplitudes afterM1 (squares) and sham stimulation
(diamonds), normalized to baseline MEP amplitudes. Significant aftereffects after M1-iTBS compared with sham-iTBS or within
stimulation conditions: *p! 0.05 (Student’s t test); **p! 0.001 (Student’s t test). M1-iTBS led to a significant increase in MEP
amplitudes after iTBS600, iTBS1200, and iTBS1800 comparedwith shamstimulation andbaseline. The increase afterM1-iTBS1800
was significantly higher than that after M1-iTBS600 and M1-iTBS1200, whereas after sham-iTBS MEP amplitudes significantly
decreased between iTBS1200 and iTBS1800.
Figure4. Supplemental control experiment:M1 versus supplemental control stimulation. Changes inMEP amplitudes afterM1
(squares) and supplemental control stimulation (diamonds), normalized to baseline MEP amplitudes. *Significant aftereffects
after M1-iTBS compared with supplemental control stimulation or baseline ( p! 0.05, Student’s t test). One stimulation over M1
in the supplemental control experiment led to comparable results as obtained after M1-iTBS600 in the main experiment. After
three blocks of iTBS over M1 (M1-iTBS1800), MEP amplitudes were significantly higher compared with one M1 stimulation
followed by two stimulations over the parieto-occipital vertex.
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sham stimulations (p ! 0.050). There-
fore, our data suggest that aftereffects after
iTBS1800 over M1 did not result from de-
layed effects induced by the first M1-iTBS
block but indeed reflected additive effects
resulting from repeated M1 stimulation.
iTBS aftereffects on rsFC
Main experiment
The seed-based whole-brain group analy-
sis showed significant positive coupling of
the stimulated M1 with a bihemispheric
motor network comprising M1 and
premotor areas as well as parts of the so-
matosensory and superior parietal cortex.
Baseline measurements were not signifi-
cantly different between M1 and sham
stimulation sessions. Aftereffects of iTBS
onM1 rsFCwere tested by subtracting the
individual baseline whole-brain images
from images obtained after 600, 1200, and
1800 pulses. The flexible factorial analysis
revealed that, compared with sham stim-
ulation, iTBS overM1was associated with
a significantly stronger increase in rsFC
betweenM1 and various sensorimotor re-
gions. Local maxima were situated in bi-
lateral SMA and dPMC (superior frontal
sulcus) across all iTBS blocks and less con-
sistently in parts of the somatosensory and
superior parietal cortex (p! 0.05, cluster
level FWE-corrected; Fig. 5A). In contrast,
functional connectivity within the visual
network was not influenced by iTBS over
M1 or the vertex for either session. This
finding indicates that iTBS over M1 did
not lead to global (i.e., brainwide) changes
in resting-state connectivity. Rather, stimu-
lation effects remained within the stimu-
latedM1 network.
We next tested for dose-dependent ef-
fects in a priori defined motor ROIs. We
found significant effects for rsFC between
the stimulated M1 and ipsilateral dPMC:
the increase in M1-dPMC connectivity
was significantly higher after iTBS1800
compared with iTBS600 and iTBS1200
(p ! 0.05, small-volume FWE-corrected
on the voxel level; Fig. 6). Furthermore,
the increase in rsFC after M1-iTBS1800
was also significantly higher compared with
sham stimulation (iTBS1800 vs iTBS600: p!
0.027,iTBS1800vsiTBS1200:p!0.001small-
volumeFWE-corrected on the voxel level).
No significant difference was found be-
tween iTBS600 and iTBS1200 within and
between stimulation conditions. Hence,
an additional increase in rsFC between
M1 and ipsilateral dPMCwas only evident
after iTBS1800 compared with iTBS600
and iTBS1200, but not between iTBS600
and iTBS1200. No dose-dependent changes
were observed for rsFC between the stim-
Figure 5. Changes in rsFC. M1 compared with sham stimulation, normalized to baseline values. Color bar represents t values.
Only clusters survivinga cluster level FWEcorrection ( p!0.05) are shown.A,Main experiment.M1-iTBS led to significantly higher
changes in rsFCofM1withbilateral premotor areas (dPMC, SMA)after all doses aswell aswith somatosensory and superior parietal
cortex.B, Supplemental control experiment. iTBS1800 overM1 led to significantly higher correlations in the time courses between
M1 and premotor areas (dPMC, SMA) as well as somatosensory/superior parietal cortex compared with a single M1-iTBS applica-
tion followed by two sham stimulations over the vertex (supplemental control stimulation).
Figure 6. ROI analysis. Dose-dependent changes in rsFC. Contrasts between the increase in rsFC compared with baseline
between iTBS1800 and (A) iTBS600 or (B) iTBS1200. Color bar represents t values. The cross indicates the coordinate where
dose-dependent increases were found for ipsilateral dPMC-M1 rsFC. p! 0.05, small-volume FWE-corrected at the voxel level.
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ulated M1 and contralateral dPMC as well as bilateral SMA and
contralateral M1.
Supplemental control experiment
In the supplemental control experiment, six subjects received
only one iTBS block over M1 followed by two sham stimulations
over the parieto-occipital vertex. Here, the whole-brain group
analysis revealed a stronger increase in connectivity between M1
and bilateral SMA, dPMC, and parts of the somatosensory and
superior parietal cortex after 1800 pulses in the main experiment
(3!M1 stimulation) compared with 1800 pulses in the control
experiment (one iTBS block overM1 followed by two sham stim-
ulations) (p" 0.048, cluster level FWE-corrected; Fig. 5B). There
was no significant difference between the main experiment (re-
plotted data for n " 6) and the control experiment regarding
iTBS600 and iTBS1200. Similar to our findings regarding MEP
data, these results suggest that aftereffects after iTBS1800 overM1
did not result from delayed effects induced by the first M1-iTBS
block but indeed reflected additive effects resulting from repeated
M1 stimulation.
In summary, our data suggest that iTBS applied over M1 in-
duced an increase of rsFC between the stimulated M1 and pre-
motor areas compared with both baseline and sham stimulation.
Furthermore, connectivity betweenM1 and the ipsilateral dPMC
also depended on the number of stimuli applied.
Correlation betweenMEP amplitudes and rsFC
Increases in MEP amplitudes observed between M1-iTBS1800
andM1-iTBS600 orM1-iTBS1200 did not correlate with changes
in rsFC within the sensorimotor network (p # 0.05, FWE-
corrected for each correlation). This implies that changes in
MEPs (representing changes at the local level) were not directly
related to changes in connectivity of interconnected areas at the
systems level after M1-iTBS.
Discussion
Summary of findings
In line with our hypotheses, we found that the application of
three blocks of iTBS over M1 resulted in a significant increase of
cortical excitability (as reflected by MEP amplitudes) compared
with sham stimulation over the vertex. Importantly, an additive
increase inMEP amplitudeswas only observed after the third, but
not the second block of iTBS. Furthermore, rsFC increased after
iTBS between the stimulatedM1 and premotor areas (i.e., dPMC
and SMA), and with areas of the somatosensory and superior
parietal cortex.Here, our data also revealed dose-specific changes
after three blocks of iTBS between the stimulatedM1 and ipsilat-
eral dPMC.However, dose-dependent changes in excitability did
not correlate with changes in motor network rsFC, suggesting
that iTBS-induced aftereffects observed at the electrophysiologi-
cal level and neural network level are based, at least in part, upon
differential neurobiological mechanisms.
iTBS aftereffects on cortical excitability and their
dose dependency
The application of rTMS offers the opportunity to noninvasively
modulate motor–cortical excitability. Huang et al. (2005) intro-
duced the iTBS protocol, which offers the advantage of enhanc-
ing cortical excitability for$20min using rather low stimulation
intensities applied over a short period of time. Other groups have
already aimed at amplifying iTBS aftereffects by increasing the
number of iTBS stimuli. For example, Gamboa and colleagues
(2010, 2011) doubled the number of pulses (2! 600) but did not
find a further increase of facilitatory aftereffects across different
intersession intervals (0, 2, 5, 20min), compared with 600 pulses.
We observed a similar effect in the present study as there was no
additional increase in MEP amplitudes after two blocks of iTBS
(Fig. 3). Importantly, however, a third block of iTBS led to a
further increase inMEP amplitudes. In contrast to earlier studies,
we did not observe decreases in cortical excitability after repeated
application of iTBS (Gamboa et al., 2010, 2011).
Homeostatic metaplasticity
One frequently used model for explaining the aftereffects of
(multiple) rTMS sessions is the Bienenstock-Cooper-Munro
(BCM) theory (Bienenstock et al., 1982). Accordingly, increased
levels of postsynaptic activity (i.e., long-termpotentiation [LTP])
after stimulation are assumed to favor the induction of long-term
depression (LTD) by the next stimulation, thereby preventing an
excessive buildup of LTD or LTP. Such activation history-
dependent effects (“homeostaticmetaplasticity”) of neuronal en-
sembles might also underlie rTMS/iTBS aftereffects (Ziemann
and Siebner, 2008). Hence, enhancing cortical excitability within
the motor cortex via rTMS/iTBS might cause a concurrent in-
crease in the threshold for inducing further synaptic plasticity
(LTP-like effects). Such metaplastic effects might explain that
two blocks of iTBS did not lead to a further increase of excitability
(as observed in Gamboa et al., 2010, 2011 and also in the present
study). However, the finding that 1800 pulses of iTBS caused an
additional increase in cortical excitability can only be explained
by overcoming the homeostatic threshold for inducing LTP-like
synaptic plasticity after multiple stimulations.
Dose-dependent effects: cellular level
One potential biological mechanism underlying activation
history-dependent effects of iTBS might lie in dose-dependent
modifications of inhibitory systems (Di Lazzaro et al., 2005; Stagg
et al., 2009; Funke and Benali, 2011). Hamada et al. (2013) sug-
gested that individual differences in iTBS-induced plasticity arise
from the distinct recruitment of inhibitory interneurons. Further
support for the involvement of inhibitory cortical systems stems
from animal studies reporting that TBS alters the expression-
patterns of calcium-binding proteins parvalbumin and calbin-
din. The latter are likely to reflect activity changes within
subgroups of GABAergic inhibitory interneurons in the rat cor-
tex (Benali et al., 2011; Funke and Benali, 2011), which can be
induced by iTBS and become most effective 20–40 min after
iTBS (Hoppenrath and Funke, 2013). Furthermore, a recent
study reported dose-specific aftereffects of multiple iTBS appli-
cations on the activity of distinct subgroups of interneurons of
the rat cortex (Volz et al., 2013). Interestingly, the largest sub-
group of these interneurons (i.e., parvalbumin-positive neurons)
was significantly affected after !1800 pulses. Thus, a dose-
dependent decrease of inhibitory interneuron activity could un-
derlie the increase in cortical excitability after iTBS1800.
Additionally, compensatory effects evoked by the first block of
iTBS were shown to be attenuated after further stimulation. For
example, the expression of GAD65, a marker reflecting the level
of synaptic GABA secretion (Soghomonian and Martin, 1998),
was initally increased after iTBS600, possibly compensating for
less somatic activity (e.g., decrease of parvalbumin). However,
GAD65 expression did not further increase after additional
blocks of iTBS (Volz et al., 2013). Therefore, further LTP-like
effects of the second iTBS block might have been prevented or
even reversed into LTD-like effects, as suggested by the BCM rule
6856 • J. Neurosci., May 14, 2014 • 34(20):6849–6859 Nettekoven et al. • Dose-Dependency of iTBS
for homeostatic plasticity, e.g., resulting from saturation effects
of LTP-promoting mechanisms or changes in inhibitory in-
terneuron activity (e.g., GAD65 expression). Finally, the effects of
a third iTBSblockmight also still beweakened because of homeo-
static plasticity, but a simultaneous decrease in cortical inhibition
(e.g., parvalbumin expression) might permit a further potentia-
tion of facilitating aftereffects. Given the similarity in stimulation
protocols and intersession interval (compare Figs. 1-3), such ef-
fects would nicely explain the dose-dependent findings of the
present study.
Dose-dependent effects at near-threshold MEPs
Interestingly, we found that dose-dependent effects of iTBS seem
to bemore pronouncedwhen evokingMEPswith near-threshold
intensities (i.e., 90%–110%; Fig. 2). At high intensities, TMS di-
rectly activates the axons of corticospinal neurons (Di Lazzaro et
al., 2008). Such “D-waves” are not modified by changes in corti-
cal excitability (Di Lazzaro et al., 2012), explaining the relatively
small effect of iTBS on high-intensityMEPs observed in the present
study. In contrast, near-threshold TMS activates corticospinal neu-
rons transsynaptically via axonal projections of interneurons.
Therefore, a predominant effect of iTBS on near-threshold
MEPs nicely fits our hypothesis on dose-dependent iTBS af-
tereffects possibly resulting from differential effects on dis-
tinct interneurons.
iTBS aftereffects on rsFC
Previous studies combining rTMS with resting-state fMRI al-
ready reported alterations of rsFC between the stimulated region
and other brain regions after rTMS (Vercammen et al., 2010;
Eldaief et al., 2011; van derWerf et al., 2010). Our data show that
iTBS over M1 increases rsFC between the stimulated M1 and
premotor areas (i.e., dPMC and SMA), as well as areas of the
somatosensory and superior parietal cortex (Fig. 5). Importantly,
this finding was specific for the stimulated motor network, as no
changes were found in connectivity of the visual system. A similar
anatomical selectivity has been reported in studies by showing
that lesion-induced connectivity changes in one network do not
spread over to other networks (Nomura et al., 2010; Sharma et al.,
2009).
A possible explanation for iTBS-induced increases in rsFC
might be the simultaneous induction of neural activity in the
entiremotor network during stimulation ofM1. Previous studies
frequently reported rTMS-induced changes in neural activity to be
not exclusively local, but also to extend to remote, interconnected
areas (Paus andWolforth, 1998; Siebner et al., 2000; Bestmann et al.,
2003, 2004, 2005; Suppa et al., 2008; Ca´rdenas-Morales et al.,
2011). Activity changes in connected regions after iTBS might
result from activity conduction by corticocortical fibers. The re-
gions that showed increased M1-rsFC after iTBS (Fig. 5) are
known to be densely connected to M1 (Stepniewska et al., 1993;
Geyer et al., 2000). Such structural connections might facilitate
coactivation of interconnected regions, thereby modulating the
synchronicity of neural activity between interconnected areas.
Support for this hypothesis stems from studies using repetitive
applications of paired-associative stimulation protocols. Here,
consecutive trials of paired-associative stimulation over M1 and
posterior parietal cortex have been shown to increase functional
connectivity between these two stimulation sites (Veniero et al.,
2013). At a functional level, increased coherence of brain activity
may represent an important neurophysiological mechanism en-
forcing communication between two areas that interact via con-
current input and output channels (Fries, 2005). Thus, an
increase in coherence of brain activity after the simultaneous
activation of interconnected brain areas by iTBS might underlie
increased rsFC in our study.
However, our data revealed no direct correlation between in-
dividual changes in cortical excitability and rsFC. Thus, altered
resting-state connectivity of the stimulated area does not seem to
be linked to rTMS/iTBS-induced changes of excitability on the
level of single subjects. The reason for this remains speculative
(e.g., interindividual variability, different sessions, nonlinear af-
tereffects). However, it should be noted that numerous previous
studies have also found absent (or only rather weak) correlations
between rTMS-induced changes in excitability and aftereffects on
the behavioral level (Ragert et al., 2008; Stefan et al., 2008; Zeller
et al., 2012). This implies that, despite significant effects on the
group level, the individual magnitude of aftereffects regarding
cortical excitability cannot be reliably used to predictmore “com-
plex” (behavioral) rTMS aftereffects.
Limitations
We can currently only speculate about the cellular mechanisms
underlying dose-dependent aftereffects. In humans, two nonin-
vasive techniques have previously been used to assess cortical
GABAergic inhibition (i.e., cortical GABA concentration via
magnetic resonance spectroscopy) (Stagg et al., 2009) or GABA-
dependent short-interval intracortical inhibition via double-
pulse TMS (Kujirai et al., 1993). However, magnetic resonance
spectroscopy or short-interval intracortical inhibition are not ca-
pable of differentiating between distinct subpopulations of
GABAergic inhibitory interneurons. As outlined above, this in-
formation would be essential as animal studies reported oppos-
ing effects on somatic GABA concentration (e.g., reflected by
decreasedGAD67 levels) and synaptic GABA concentration (e.g.,
reflected by increased GAD65 levels) to underlie the evolution of
dose-dependent iTBS effects.
It could well be that functional connectivity in the activated
motor system (i.e., during amotor task) would have been a better
predictor of excitability aftereffects (Ca´rdenas-Morales et al.,
2013). However, for the scope of the present study (dose-
dependent iTBS effects), resting-state measurements seem to be
better suited as motor activity before iTBS has rather complex
effects on stimulation-induced changes in excitability (Gentner
et al., 2008; Silvanto andPascual-Leone, 2008), whichwould have
strongly biased the results.
Conclusions
In conclusion, our data suggest that the efficiency of iTBS in
enhancing cortical excitability can be increased by applying a
higher number of stimuli (i.e., 1800, but not 1200) compared
with the conventional iTBS protocol in healthy subjects. Interest-
ingly, we found that dose-dependent effects of iTBS seem to be
more pronounced when evoking MEPs with near-threshold in-
tensities, supporting the hypothesis of interneuron networks un-
derlying iTBS aftereffects. Furthermore, we observedM1-iTBS to
impact on rsFC within the motor system, i.e., increasing connec-
tivity of the stimulatedM1, particularly with premotor areas (i.e.,
dPMC, SMA). Here, rsFC between M1 and ipsilateral dPMC in-
creased dose-dependently (after 1800 pulses). However, the sig-
nificance of dose-dependent rTMS-induced changes in MEPs
and rsFC regarding behavioral rTMS effects remains to be further
elucidated to fully determine the neuromodulatory potential of
iTBS1800 on motor function in health and disease.
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The responsiveness to non-invasive neuromodulation protocols shows high inter-
individual variability, the reasons of which remain poorly understood. We here tested 
whether the response to intermittent theta-burst stimulation (iTBS) – an effective 
repetitive transcranial magnetic stimulation (rTMS) protocol for increasing cortical 
excitability – depends on network properties of the cortical motor system. We 
furthermore investigated whether the responsiveness to iTBS is dose-dependent. 
To this end, we used a sham-stimulation controlled, single-blinded within-subject 
design testing for the relationship between iTBS aftereffects and (i) motor-evoked 
potentials (MEPs) as well as (ii) resting-state functional connectivity (rsFC) in 16 
healthy subjects. In each session, three blocks of iTBS were applied, separated by 
15 min. 
We found that non-responders (subjects not showing an MEP increase of ≥10% after 
one iTBS block) featured stronger rsFC between the stimulated primary motor cortex 
(M1) and premotor areas before stimulation (compared to responders). Increases in 
rsFC and MEPs after all three iTBS blocks as well as dose-dependent increases 
between blocks occurred exclusively in responders. 
Our data suggest that responsiveness to iTBS at the local level (i.e., M1 excitability) 
depends upon the pre-interventional network connectivity of the stimulated region. Of 
note, increasing iTBS dose did not turn non-responders into responders. The finding 
that higher levels of pre-interventional connectivity precluded a response to iTBS is 
likely to reflect a ceiling effect underlying non-responsiveness to iTBS at the systems 
level. 
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1. Introduction 
Theta-burst stimulation (TBS) is an effective repetitive transcranial magnetic 
stimulation (rTMS) protocol, which allows modulation of cortical excitability upon a 
rather short period of stimulation (Huang et al., 2005). However, a growing number of 
studies reports that the responsiveness to rTMS/TBS shows high inter-individual 
variability, sometimes even resulting in no overall alteration of cortical excitability 
(Hamada et al., 2013; Hinder et al., 2014; López-Alonso et al., 2014). Recent studies 
suggest that 50% - 73% of subjects are non-responders to rTMS/TBS (Hamada et 
al., 2013; Hinder et al., 2014).  
To date, the reasons for this inter-individual variability remain poorly understood. 
Hamada and colleagues (2013) suggested that the differential recruitment of 
subtypes of cortical interneurons embedded in different cortico-cortical circuits may 
account for about 50% of the inter-individual variability. Based on a combined 
functional magnetic resonance imaging (fMRI)-TMS study, we recently demonstrated 
that the differential recruitment of these interneuron networks by TMS correlates with 
the functional connectivity between premotor areas and the primary motor cortex 
(M1) (Volz et al., 2014). This implies a relationship between responsiveness to TBS 
and motor network connectivity. Likewise, other studies suggested a tight relationship 
between rTMS-induced aftereffects and network connectivity of the stimulated region 
(Cardenas-Morales et al., 2014; Andoh and Zatorre, 2011, 2013; Downar et al., 2014; 
Salomons et al., 2014). For instance, the amount of pre-interventional premotor-M1 
connectivity in the activated motor system strongly related to the individual 
susceptibility to cortical excitability enhancing intermittent TBS (iTBS) (Cárdenas-
Morales et al., 2014).  
Moreover, we demonstrated recently dose-dependent increases after iTBS in cortical 
excitability (motor-evoked potentials, MEPs) as well as in resting-state functional 
connectivity (rsFC) (Nettekoven et al., 2014). Thus, the question arises whether the 
group-level effect observed after the application of a higher iTBS dose stems from 
non-responders showing responsiveness after repeated stimulation, which would 
suggest that responsiveness is dose-dependent (i.e., a lacking MEP increase in the 
first block followed by MEP increases after additional blocks of stimulation). 
Alternatively, the group-level effect might be driven by an amplification of iTBS 
effects exclusively in responders, indicating that individual factors determine 
responsiveness (Hamada et al., 2013). Furthermore, it is still unclear whether 
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responders and non-responders also differ in their response to iTBS at the level of 
motor network connectivity, i.e., in the increase of rsFC after iTBS as well as in their 
rsFC at baseline. 
We, therefore, analyzed changes in MEP size and rsFC after three blocks of iTBS 
applied over left M1 compared to control stimulation over the vertex in a cohort of 16 
healthy subjects (Nettekoven et al., 2014). We assigned subjects to two groups: 
responders and non-responders. Assignment was based upon subjects´ increase in 
MEP amplitudes after one iTBS block. We hypothesized that (i) responders show 
decreased rsFC between premotor areas and M1 compared to non-responders at 
baseline (Volz et al., 2014) and that (ii) a higher dose of iTBS will primarily modulate 
cortical excitability and rsFC in responders rather than in non-responders (Hamada et 




All data have previously been included in a publication on general dose-dependent 
effects of iTBS on MEPs and resting-state connectivity (Nettekoven et al., 2014). We 
here re-analyzed the entire data set with respect to individual responsiveness at the 
MEP level as well as fMRI network level, a question that we did not address in the 
original publication. Accordingly, data from 16 healthy, right-handed subjects were 
included (7 males, mean ± SD age: 27 ± 3 years, range: 23-35 years; no history of 
neurological or psychiatric diseases). Right-handedness was verified using the 
Edinburgh Handedness Inventory (Oldfield, 1971). All subjects provided informed 
written consent. The study was carried out according to the declaration of Helsinki 
(1969, last revision 2008) and had been approved by the local ethics committee.  
 
2.2 Experimental design 
A detailed description of the procedure has been previously published (Nettekoven et 
al., 2014). We here summarize the important steps. Figure 1 illustrates the 
experimental design. We used a single-blind, vertex-stimulation controlled, cross-
over within-subject design to test for the effects of multiple serially applied iTBS 
blocks on (i) cortical excitability (MEP sessions) and (ii) rsFC (resting-state fMRI 
sessions) to further elucidate mechanisms underlying the individual responsiveness 
to iTBS. Each subject participated in two MEP sessions (A, B) and two resting-state 
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fMRI sessions (C, D). In two of the four sessions stimulation was applied over the left 
M1 (A: M1-iTBS_MEPs, C: M1-iTBS_rs-fMRI), and in the other two sessions over the 
parieto-occipital vertex (B: sham-iTBS_MEPs, D: sham-iTBS_rs-fMRI) (Herwig et al., 
2010; Herwig et al., 2007). In each of the four sessions iTBS was repeated three 
times separated by 15 minutes, leading to a total of 1800 pulses (i.e., iTBS600, 
iTBS1200, iTBS1800) per session to examine the effect of dose (please cf. 
Nettekoven et al., 2014; Volz et al., 2013). Sessions were separated by at least one 




Figure 1: Experimental design. Using a within-subjects design each subject took part in 
four sessions to assess (i) MEPs before and after (A) M1-iTBS and (B) sham-iTBS as well as 
to assess (ii) rs-fMRI before and after (C) M1-iTBS and (D) sham-iTBS. In each session 
three iTBS blocks were applied separated by 15 min. Each iTBS block consisted of 600 
pulses, leading to a total of 1800 pulses.  
 
2.3 Neuronavigated transcranial magnetic stimulation 
The position of the TMS coil was tracked and recorded using a Brain-Sight2 
computerized frameless stereotaxic system ensuring a reliable positioning of the 
stimulation site across all sessions and subjects (Rogue Research Inc., Montreal, 
Canada). The head of the subject was coregistered with an individual high-resolution 
anatomical MR image. MEPs were recorded from the abductor pollicis brevis (APB) 
muscle of the right hand with Ag/AgCl surface electrodes (Tyco Healthcare, 
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Neustadt, Germany) placed in a belly-tendon montage. The electromyographic 
(EMG) signal was amplified, filtered (0.5 Hz high pass and 30-300 Hz band pass) 
and digitized with a Powerlab 26T device and LabChart software package (version 5, 
ADInstruments, Ltd., Dunedin, New Zealand). 
 
2.4 Theta-burst stimulation 
iTBS was delivered over the left M1 using a Magstim SuperRapid 2 with a figure-of-
eight coil (70-mm standard coil, Magstim Co., Whitland, Dyfed, UK) according to 
Huang et al. (2005). As previoulsy described (and evaluated), iTBS was applied 
during M1- and sham-iTBS at 70% of the resting motor threshold (RMT) instead of 
80% of the active motor threshold (AMT) (Cárdenas-Morales et al., 2014; Gentner et 
al., 2008; Sarfeld et al., 2012) due to the following: We wished to prevent voluntary 
preactivation of the target muscle, which is necessary for AMT determination but may 
impact on TBS aftereffects (Gentner et al., 2008; Huang et al., 2008) and may 
increase inter-subject variability (Goldsworthy et al., 2014). 
 
2.5 MEPs 
Neuronavigated single-pulse TMS was applied over the same location as used for 
iTBS using a Magstim 2002 stimulator (Magstim Co., Whitland, Dyfed, UK). At 
baseline and after each iTBS-application (iTBS600, iTBS1200, iTBS1800), stimulus-
response curves of MEPs evoked with intensities ranging from 90% to 150% of the 
RMT were assessed in steps of 10%. Two blocks of five pulses were recorded in a 
randomized order for each intensity, except for 120%, which was assessed in six 
blocks at five pulses adding up to a total number of 90 MEPs. 
 
2.6 Data analysis – MEPs  
In line with previous experiments, we used “normalized” MEP amplitudes to assess 
changes in cortical excitability rather than absolute MEP amplitudes to account for 
variance in RMTs at different stimulation days (i.e., M1- and sham-iTBS) (Cárdenas-
Morales et al., 2014; Huang et al., 2005; Nettekoven et al., 2014). Therefore, mean 
MEP amplitudes acquired after each block of iTBS were normalized to mean 
baseline values of the respective intensity (i.e., 90-150% of the RMT).  
Finally, stimulus-response curves were plotted for each subject using the absolute 
MEP amplitudes to test for iTBS effects on the slope of the stimulus-response 
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curves. The steepness of each curve was computed by means of a linear regression 
analysis and R2 values were calculated to assess the quality of model-fit using SPSS 
21 (Statistical Package for the Social Sciences, IBM, New York/USA).  
 
2.7 Definition of responders 
The scope of this paper was to investigate whether inter-individual differences in the 
electrophysiological response to iTBS (i.e., in MEP amplitudes) are related to the 
different connectivity profiles of the stimulated region before and after stimulation. 
Therefore, responders and non-responders were classified according to their 
increase in MEPs after the first stimulation block (M1-iTBS600): Subjects showing an 
increase of ≥10% in MEPs compared to baseline were defined as responders (Hinder 
et al., 2014). This threshold criterion ensured that responders had a clear stimulation 
aftereffect, possibly accounting for random fluctuations around the baseline-level. 
To test for differences between responders and non-responders in the dose-
dependent modulation of normalized MEP amplitudes, we set up a four-factorial 
repeated measures analysis of variance (ANOVA) with the within-subject factors 
INTERVENTION (2 levels: M1-iTBS, sham-iTBS), DOSE (3 levels: iTBS600, 
iTBS1200, iTBS1800), INTENSITY (7 levels: 90-150% of the RMT) and the between-
subject factor GROUP (2 levels: responders, non-responders) using SPSS 21. The 
Greenhouse-Geisser alpha-correction was used in case of a violation of the non-
sphericity assumption. Post-hoc Student´s t-tests were performed to compare the 
iTBS response between responders and non-responders and to test for iTBS effects 
within groups. False discovery rate (FDR)-correction was used to correct for multiple 
comparisons (Benjamini and Hochberg, 1995). To test whether M1-iTBS differentially 
modulated the slope of stimulus-response curves in responders and non-responders 
in a dose-dependent fashion, the curve-steepness was entered into a three-way 
repeated measures ANOVA with the within-subject factors INTERVENTION (2 levels: 
M1-iTBS, sham-iTBS), DOSE (3 levels: iTBS600, iTBS1200, iTBS1800) and the 
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2.8 Magnetic resonance imaging 
After assessing the TMS hotspot and the RMT subjects were transported in an MR-
compatible wheel chair between the anteroom of the scanner where stimulation was 
applied and the scanner room. This was to minimize any further movement since pre- 
or post-interventional neuronal activity can strongly impact on TBS aftereffects 
(Gentner et al., 2008; Goldsworthy et al., 2014; Huang et al., 2008) and thereby also 
on the susceptibility to iTBS. Moreover, we aimed to obtain comparable conditions 
between the resting-state scans. In the scanner, subjects were instructed to lie 
motionless with open eyes fixating a red cross (resting-state fMRI), which was 
presented on a TFT screen visible through a mirror attached to the MR head coil. 
After the baseline fMRI, subjects were transported from the scanner to the anteroom 
of the MR console. After coregistration with the neuronavigation system, iTBS was 
applied followed by another 8 min resting-state fMRI. This procedure was repeated 
three times in total (three blocks of iTBS), always separated by 15 min. 
In addition, an active motor task was performed after the baseline resting-state fMRI 
(and before the first iTBS block) for localization of motor areas. The task consisted of 
rhythmic thumb ab- and adductions with the right or left hand (please see Nettekoven 
et al., 2014 for details). Of note, the task activated the same muscle as used for TMS 
recordings (APB). The motor task was acquired after the first resting-state scan to 
prevent motor activity to bias rsFC. 
 
2.9 Image acquisition and preprocessing 
fMRI images were acquired on a Siemens Trio 3.0 T scanner (Siemens Medical 
Solutions, Erlangen, Germany) using a gradient echo planar imaging (EPI) sequence 
with the following parameters: TR = 2070 ms, TE = 30 ms, FOV = 200 mm, 31 slices, 
voxel size: 3.1 x 3.1 x 3.1 mm3, 20% distance factor, flip angle = 90°, resting-state: 
225 volumes (3 dummy images), localizer task: 202 volumes (3 dummy images). 
Acquisition planes and slice orientation were identical for the four fMRI assessments 
(i.e., 1 x baseline, 3 x post iTBS sessions). The slices covered the whole brain 
extending from the vertex to the lower parts of the cerebellum. fMRI data (resting-
state and motor task) were analyzed using Statistical Parametric Mapping (SPM8, 
http://www.fil.ion.ucl.ac.uk/spm/). The first three volumes (dummy images) of each 
session were discarded from further analyses to allow for magnetic field saturation. 
All remaining EPI volumes were realigned to the mean image of each time series and 
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coregistered with the structural T1-weighted image. In a next step, all images were 
spatially normalized to the standard template of the Montreal Neurological Institute 
(MNI, Canada) using the unified segmentation approach (Ashburner and Friston, 
2005) and smoothed with an isotropic Gaussian kernel of 8 mm full-width at half-
maximum. 
To exclude the possibility that head movements during the resting-state scans 
contributed to group differences in rsFC we tested for differences in head motion 
parameters acquired from image realignment by comparing the framewise 
displacement (FD) and the root mean squared error (RMSE) (Power et al., 2012; 
Satterthwaite et al., 2012). Importantly, there was no difference between groups 
neither in the FD nor in the RMSE (p>0.2 for all comparisons, FDR-corrected). 
Likewise, FD and RMSE were not significantly different between the multiple 
stimulation blocks within responders and non-responders. Therefore, neither 
between nor within group differences in head movements are likely to have biased 
the rsFC results. 
 
2.10 Statistical analysis – resting-state fMRI 
For the statistical analysis of the resting-state data, variance that could be explained 
by known confounds was removed from the smoothed fMRI time-series. Confound 
regressors included the tissue-class-specific global signal intensities and their 
squared values, the six head motion parameters, their squared values and their first-
order derivatives (Satterthwaite et al., 2012). A band-pass filter was used to preserve 
only frequencies between 0.01 and 0.08 Hz in the time-series data. 
We computed a seed-based whole-brain analysis. Here, the time-course within a 
sphere of 10 mm-diameter centered on the seed voxel (left M1, single-subject 
coordinates derived from localizer task, please cf. Nettekoven et al., 2014) was 
correlated with the time course of every other voxel in the brain by means of linear 
Pearson´s correlation (Eickhoff and Grefkes, 2011; zu Eulenburg et al., 2012). 
Correlation coefficients were converted to Fisher´s Z-scores using the formula Z = 
(1/2) x ln(1+r)/(1-r) = atanh(r) to yield approximately normally distributed data.  
In order to determine changes in functional connectivity following iTBS, individual 
baseline functional connectivity maps were subtracted from the respective maps post 
iTBS for each subject (Nettekoven et al., 2014). For group-level analysis, the 
individual subtraction maps were entered into a “full factorial” general linear model 
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(GLM) analysis as implemented in SPM8 with the factors GROUP (2 levels: 
responders, non-responders), INTERVENTION (2 levels: M1-iTBS, sham-iTBS) and 
DOSE (3 levels: iTBS600, iTBS1200, iTBS1800). Differential contrast were computed 
(i) between M1- and sham-iTBS for iTBS600, iTBS1200 and iTBS1800 (separately 
for responders and non-responders), (ii) between the different stimulation blocks (i.e., 
iTBS1800-iTBS1200, iTBS1800-iTBS600, iTBS1200-iTBS600; separately for 
responders and non-responders), and (iii) between responders and non-responders 
for M1- versus sham-iTBS for different stimulation blocks (i.e., iTBS600, iTBS1200, 
iTBS1800). The resting-state maps were masked by cytoarchitectonic probability 
maps of frontoparietal sensorimotor areas (Brodmann areas 6, 4 a/b, 3 a/b, 2, 1) as 
provided by the SPM Anatomy Toolbox (Eickhoff et al., 2005) to focus inference on 
rsFC within the cortical sensorimotor network. The statistical threshold was set to 
p≤0.05, family-wise error (FWE) corrected at the cluster-level. 
 
3. Results 
We here exclusively report findings related to iTBS responsiveness at the MEP and 
the fMRI network level. General effects have been reported elsewhere (Nettekoven 
et al., 2014). Seven of the subjects were classified as responders (i.e., increase in 
MEP amplitudes of ≥10% after the first iTBS block; Hinder et al., 2014) and nine as 
non-responders. This ratio is similar to what has been found in other studies 
(Hamada et al., 2013). 
 
Table 1. Differences between responders and non-responders in RMTs before iTBS and 
MEPs at baselinea 
 
 Responders Non-Responders p 
baseline RMTs    
sham-iTBS 36.71 ± 8.79 30.78 ± 4.84 0.286 
M1-iTBS 35.14 ± 7.40 30.00 ± 4.44 0.551 
baseline MEPs    
sham-iTBS  0.97 ± 0.68 0.87 ± 0.48 0.757 
M1-iTBS  0.93 ± 0.72 0.83 ± 0.42 1.000 
 
ap-values are FDR-corrected for multiple comparisons. 
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3.1 Baseline measures 
There were no significant differences in RMT at baseline and baseline MEPs when 
directly comparing M1-iTBS as well as sham-iTBS between responders and non-
responders (Table 1). However, non-responders (relative to responders) featured a 
significantly higher baseline rsFC before M1-iTBS between the stimulated (left) M1 
and bilateral dorsal premotor cortex (dPMC) as well as supplementary motor area 
(SMA) (p≤0.05, FWE-corrected at the cluster-level; Figure 2). The reverse contrast 
yielded no significant effects. That is, in responders (compared to non-responders) 
no area featured significantly stronger rsFC at baseline with left M1. 
 
 
Figure 2. Baseline rsFC. Non-responders featured a higher baseline rsFC between M1 and 
a bilateral network including premotor areas (SMA, dPMC) compared to responders. Color 
bar represents t-values. Only clusters surviving a cluster level FEW-correction (p≤0.05) are 
shown. The X indicates the stimulated M1. 
 
Within groups, RMTs at baseline were not significantly different between M1- and 
sham-iTBS for responders (p=0.365, FDR-corrected for multiple comparisons) and 
non-responders (p=1.000, FDR-corrected). Likewise, baseline MEP amplitudes did 
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not differ between sham- and M1-iTBS neither for responders (p=0.685, FDR-
corrected) nor non-responders (p=0.753, FDR-corrected). 
 
3.2 iTBS-induced plasticity: MEP amplitudes 
A four-way repeated measures ANOVA assessing MEP differences after iTBS 
between responders and non-responders revealed a significant main effect of 
GROUP (F1,14=10.362, p=0.006) as well as an interaction effect of the factors 
INTERVENTION x GROUP (F1,14=10.246, p=0.006). However, there was no 
interaction effect of the factor INTENSTIY so that we averaged MEPs across all 
intensities for further analysis. Post-hoc Student`s t-tests on averaged MEP 
amplitudes revealed a significantly higher increase of MEP amplitudes in responders 
compared to non-responders after all three blocks of M1-iTBS. However, there was 
no significant difference between responders and non-responders in the steepness of 
stimulus-response curves. Moreover, post-hoc Student´s t-tests on MEP amplitudes 
revealed a dose-dependent decrease between sham-iTBS1200 and sham-iTBS1800 
in non-responders (p=0.039, FDR-corrected) (Figure 3A). Importantly, no significant 
differences were found after sham-iTBS between groups. Furthermore, there were no 
significant increases neither for M1-iTBS compared to baseline nor between M1-iTBS 
and sham-iTBS for non-responders. By contrast, in responders MEP amplitudes 
significantly increased after M1- compared to sham-iTBS (iTBS600: p=0.032, 
iTBS1200: p=0.018, iTBS1800: p=0.030, FDR-corrected) as well as after M1-iTBS 
compared to baseline (iTBS600: p=0.010, iTBS1200: p=0.015, iTBS1800: p=0.023, 
FDR-corrected) (Figure 3B). Statistical trends suggesting dose-dependent increases 
in responders could be found between iTBS600 and iTBS1800 (p=0.076, FDR-
corrected) as well as between iTBS1200 and iTBS1800 (p=0.076, FDR-corrected). 
Moreover, there were no significant effects on the steepness of the stimulus-
response curves within the responder and the non-responder group. 




Figure 3. Changes in normalized MEP amplitudes after iTBS. A. Non-responders. M1-
iTBS did not lead to changes in normalized MEPs compared to sham-iTBS or baseline. MEP 
amplitudes decreased significantly between sham-iTBS1200 and sham-iTBS1800. B. 
Responders. M1-iTBS led to a significant increase in MEPs compared to baseline and 
sham-iTBS after all three iTBS blocks. Sham-iTBS did not lead to changes in MEPs 
compared to baseline. For M1-iTBS a statistical trend was evident for the increase between 
iTBS600 and iTBS1800 as well as between iTBS1200 and iTBS1800. * p≤0.05 (post-hoc 
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Taken together, the repeated application of iTBS did not modulate cortical excitability 
in non-responders but rather enhanced the aftereffects observed after iTBS600 in 
responders. Moreover, responders showed a significantly higher increase in cortical 
excitability compared to non-responders. 
 
3.3 iTBS-induced plasticity: resting-state functional connectivity 
When comparing rsFC after iTBS between responders and non-responders for 
different iTBS doses, we found in responders a significantly higher increase in rsFC 
for M1-iTBS vs. sham-iTBS for iTBS600 (p=0.006, FWE-corrected at the cluster-
level) as well as iTBS1800 (p≤0.001, FWE-corrected at the cluster-level) and a 
statistical trend after iTBS1200 (p=0.071, FWE-corrected at the cluster-level) (Figure 
4A). Here, rsFC was significantly enhanced between M1 and a bilateral network 
comprising premotor areas (i.e., dPMC and SMA), parts of the somatosensory cortex 
as well as the contralateral M1. 
Within groups we found a significant increase in rsFC after M1-iTBS compared to 
sham-iTBS after each block only in the responder group (p≤0.05, FWE-corrected at 
the cluster-level, Figure 4B). Functional connectivity was enhanced between M1 and 
bilateral SMA and dPMC as well as parts of the somatosensory cortex and 
contralateral M1. In contrast, non-responders showed no significant increase after 
M1-iTBS compared sham-iTBS. Between the different stimulation blocks responders 
showed a significant dose-dependent increase from iTBS1200 to iTBS1800 (p≤0.05, 
FWE-corrected at the cluster-level, Figure 5), but no significant increases were 
evident in the non-responder group. 




Figure 4. Changes in rsFC after iTBS. A. Responders vs. non-responders. Responders 
(compared to non-responders) featured a significantly higher increase in rsFC for M1-iTBS > 
sham-iTBS after iTBS600 and iTBS1800. Likewise, a statistical trend was evident for 
iTBS1200. B. Responders. A significant increase in rsFC after M1-iTBS compared to sham-
iTBS was found for responders after all three blocks of iTBS. In contrast, non-responders did 
not show a significant increase in rsFC. Color bar represents t-values. Only clusters surviving 
a cluster level FWE-correction (p≤0.05) are shown. The X indicates the stimulated M1. 
Overlap with baseline differences. C. Responders vs. non-responders. The areas 
showing baseline differences between responders and non-responders (Figure 2) 
overlapped with areas showing a stronger increase in rsFC after all three blocks of iTBS 
(conjunction iTBS600-1800) in responders compared to non-responders (p≤0.05, 
uncorrected). The overlap is present in the SMA. D. Responders. A similar overlap with 
baseline differences was found for the conjunction of the increase in rsFC after M1-iTBS600-




                                                      Nettekoven et al., Inter-individual variability to iTBS 
 63
Interestingly, we found that areas showing different rsFC between responders and 
non-responders at baseline (non-responders > responders, Figure 2) overlapped with 
areas showing a higher increase in rsFC after all three iTBS blocks (conjunction 
iTBS600-1800) for responders compared to non-responders (p≤0.05, uncorrected). 
As shown in Figure 4C this overlap was present in the SMA. A similar overlap was 
evident for the increase in rsFC after all three M1-iTBS blocks compared to sham-
iTBS (conjunction iTBS600-1800) in the responder group (p≤0.05, uncorrected, 
Figure 4D). 
 
Figure 5. Dose-dependent increase in rsFC for iTBS responders. rsFC significantly 
increased after iTBS1800 compared to iTBS1200 (M1-iTBS > sham-iTBS) only in the 
responder group. p≤0.05, FWE-corrected on the cluster. The X indicates the stimulated M1. 
 
In summary, only responders featured a significant increase in rsFC after iTBS as 
seen for MEP amplitudes. Likewise, rsFC increased dose-dependently between the 
second and third block only in the responder group. Moreover, rsFC was higher 
(significantly or statistical trend) in the responder group compared to the non-
responder group for all three blocks of iTBS. 
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4. Discussion 
4.1 Summary of findings 
iTBS non-responders compared to responders featured higher pre-interventional 
levels of M1-connectivity with a cortical network comprising bilateral premotor areas. 
Furthermore, responders and non-responders differed in iTBS-induced aftereffects 
on MEP amplitudes as well as rsFC: only responders showed an increase in MEP 
amplitudes and in rsFC in a bilateral motor network comprising premotor areas as 
well as the contralateral M1 and somatosensory areas. Likewise, dose-dependent 
increases in MEPs and rsFC were found exclusively in responders. Of note, the 
network in which connectivity was significantly modulated by iTBS overlapped with 
areas showing baseline differences in connectivity between responders and non-
responders. 
 
4.2. Inter-individual variability in iTBS-responses (MEPs) 
Recent studies reported no group-level effect of TBS on cortical excitability (Hamada 
et al., 2013; López-Alonso et al., 2014; Martin et al., 2006). Although in our cohort of 
subjects ~56% were classified as non-responders, we still observed a significant 
increase in MEP amplitudes across the entire sample (please cf. Nettekoven et al., 
2014). We here found that this effect was driven by 44% of our subjects that featured 
strong canonical responses, i.e., increases in cortical excitability already after one 
block of iTBS. Note that responsiveness to iTBS in our cohort was slightly lower but 
similar compared to previous studies reporting 50% - 73% of their subjects to 
respond as expected, i.e., with an increase in MEPs after iTBS (Hamada et al., 2013; 
Hinder et al., 2014). Importantly, response rates observed between studies are 
similar, although different cut-offs regarding changes in MEP amplitudes were used 
to define responders and non-responders: above or below 100%, 110% or 120% 
(Goldsworthy et al., 2014; Hamada et al., 2013; Hinder et al., 2014; López-Alonso et 
al., 2014). Therefore, the choice of the distinction-criterion seems less critical. 
Remaining variance in response rates may result from, e.g., different time points and 
durations of MEP-assessment after iTBS as well as intensities used to obtain MEPs. 
We chose our criterion in accordance to Hinder and colleagues (2014) since changes 
in MEP amplitudes less than 10% might be due to variance of MEP assessment or 
represent rather negligible effects regarding behavioral or clinical implications. 
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However, whether or not a MEP increase of 10% actually leads to a relevant 
improvement in motor function needs to be investigated in future studies. 
Our data on dose-dependent effects revealed that non-responders could not be 
turned into responders. Only responders benefited from a higher number of stimuli in 
terms of dose-dependent increases in cortical excitability, whereas non-responders 
remained at baseline level, or even dropped below, i.e., decreased in excitability. 
Taken together, the further enhancement of cortical excitability after iTBS1800 
observed in our previous study (Nettekoven et al., 2014) was driven by an 
amplification of aftereffects in responders, and not from non-responders turning into 
responders. This finding is of high relevance not only for rTMS/TBS experiments in 
healthy subjects but also with respect to therapeutic interventions in patients. 
 
4.3 Relationship between baseline measures and increases in cortical excitability  
A number of factors have been discussed to contribute to the high inter-individual 
variability observed in the response to iTBS (and other rTMS protocols) such as 
daytime, previous history of activity, or genetic polymorphisms (for a review see 
Ridding and Ziemann, 2010). In line with other studies, we here did not find a 
significant effect of RMT or MEP amplitudes on changes in cortical excitability after 
iTBS (Hamada et al., 2013; López-Alonso et al., 2014). 
We recently showed that fMRI connectivity between the premotor cortex and the 
stimulated M1 (in the activated motor system, i.e., when subjects performed an 
unimanual task) correlated with iTBS-induced increases in cortical excitability after 10 
min (Cárdenas-Morales et al., 2014). However, in that study, rsFC did not correlate 
with MEP changes, a finding which was reproduced in the current study with an 
independent sample of subjects. This finding implies that MEPs and rsFC are not 
linearly related. Rather they seem to constitute two independent markers of iTBS 
aftereffects (Cárdenas-Morales et al., 2014; Nettekoven et al., 2014). However, when 
dividing subjects into responders and non-responders according to their increase in 
MEPs after the first stimulation we found a significantly higher baseline rsFC between 
M1 and premotor areas in non-responder compared to responders (Figure 2). One 
interpretation is that high baseline levels of rsFC (as found in the non-responder 
group) could preclude a further increase in rsFC and MEPs, hence constituting a 
ceiling effect. Indeed, other groups have suggested that ceiling effects with respect to 
the ability of modulating neural connectivity might underlie absent intervention effects 
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(Huang et al., 2010; Koch et al., 2008; Quartarone et al., 2003; Salomons et al., 
2014). For example, Salomons and colleagues (2014) showed that a high baseline 
resting-state cortico-thalamic, cortico-striatal and cortico-limbic connectivity was 
associated with poorer rTMS treatment outcome in patients with major depressive 
disorder. Of note, a successful intervention effect was also associated with an 
increase in rsFC as seen for our group of responders. 
Taken together, our data suggest that the responsiveness to iTBS (in terms of 
changes in MEP amplitudes) depends – at least in part - on the baseline level of 
rsFC between premotor areas and M1, possibly representing a biomarker for the 
individual responsiveness to iTBS. 
 
4.4. Mechanisms underlying responsiveness to iTBS 
Recent evidence from human and animal studies suggests that the individual 
response to TBS might derive from the stimulation of distinct subpopulations of 
interneurons (Benali et al., 2011; Funke and Benali, 2011; Hamada et al., 2013). 
High intensity (suprathreshold) single-pulse TMS with a latero-medial oriented 
current (LM-TMS) directly activates the axons of the corticospinal neurons resulting 
in direct waves (D-waves) as shown by epidural recordings (Di Lazzaro et al., 2012). 
In contrast, anterior-posterior (AP) TMS tends to evoke indirect waves (I-waves) with 
longer latencies resulting from the transsynaptic (hence indirect) activation of 
corticospinal neurons. Hamada and colleagues (2013) found that the response to 
AP-TMS (recruitment of I-waves) varies between subjects, accounting for a part of 
the inter-individual differences in stimulation aftereffects: Subjects showing the 
“expected” response to TBS tended to recruit late I-waves (high MEP-latency after 
AP-TMS relative to LM-TMS), whereas non-responders tended to recruit earlier I-
waves (low MEP-latency after AP-TMS relative to LM-TMS). There is evidence that I-
wave recruitment (i.e., responsiveness to iTBS) is related to premotor-M1 
connectivity (Volz et al., 2014): Functional connectivity between premotor areas and 
M1 (highly similar to the network obtained here, Figure 2) is lower in subjects 
preferentially recruiting late I-waves following AP-TMS, resembling responders as 
described by Hamada and colleagues (2013). These findings fit our present data 
revealing that subjects, who featured a lower connectivity between M1 and premotor 
cortex, show a significant response to iTBS (increase in MEPs and rsFC). In contrast, 
cortical excitability and rsFC did not increase after iTBS in subjects with higher M1-
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premotor connectivity at baseline. Premotor input to M1, which has been found to be 
related to iTBS responsiveness, excites some of the same circuitry that participate in 
I-wave generation (Di Lazzaro and Ziemann, 2013; Lemon, 2008; Shimazu et al., 
2004), providing further evidence for the relationship between responsiveness to 
iTBS/I-wave recruitment and premotor-M1 connectivity. 
Therefore, our data suggest that responsiveness to iTBS not only underlies local M1 
excitability, but also the connectivity strength between M1 and premotor areas (which 
is associated with the recruitment of I-waves). This interpretation is further supported 
by our post iTBS data as well as other studies reporting that rTMS/TBS does not only 
lead to changes in cortical excitability of the stimulated region but also in connectivity 
of the stimulated and remote areas (Grefkes et al., 2010; Nettekoven et al., 2014; 
Suppa et al., 2008; van der Werf et al., 2011; Vercammen et al., 2010). Although not 
linearly correlated, increases in MEP amplitudes are paralleled by changes in rsFC 
(Nettekoven et al., 2014). Moreover, a study in stroke patients could show that 
patients with lesions affecting the premotor cortex but not M1 were less responsive to 
rTMS over M1 in terms of behavioural changes (Ameli et al., 2009). In the light of the 
present data, one explanation could be that the missing propagation of facilitation 
due to the disrupted connectivity between M1 and the premotor cortex negatively 
affected the induction of cortical plasticity by rTMS. Hence, the excitability state of 
premotor-M1 connections and the increase in rsFC between these areas could 




Responsiveness to iTBS seems to be strongly linked to motor network connectivity. 
Responders revealed increased MEP amplitudes as well as increased connectivity 
following a higher number of stimuli. The finding that non-responders could not be 
turned into responders by increasing the number of pulses strongly suggests that 
motor network connectivity limits the capacity of changes induced by non-invasive 
brain stimulation. Our findings might also hold implications for the clinical use of non-
invasive brain stimulation, i.e., highlighting the necessity to identify patients that 
might benefit from TMS interventions (and thereby from multiple applications). 
Finding reliable biomarkers for responsiveness also in patient populations represents 
an important aim for future research. 
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SRVVLEOHPHFKDQLVPV XQGHUO\LQJ L7%6LQGXFHG FRUWLFDO SODVWLFLW\ ZLOO EH GLVFXVVHG






7KH ILUVW VWXG\ IRFXVHG RQ WKH UHODWLRQVKLS EHWZHHQ L7%6LQGXFHG DIWHUHIIHFWV RQ
FRUWLFDO H[FLWDELOLW\ 0(3DPSOLWXGHV DQGQHXUDO DFWLYLW\ %2/'DFWLYLW\DVZHOO DV







2XU ILQGLQJV UHYHDOHG WKDW WKH PDJQLWXGH RI FKDQJHV LQ FRUWLFDO H[FLWDELOLW\ ZHUH
VWURQJO\UHODWHGWRWKHOHYHORI%2/'DFWLYLW\DWWKHVWLPXODWHGOHIW0DQGWRHIIHFWLYH
FRQQHFWLYLW\ EHWZHHQ GLVWLQFW PRWRU DUHDV RI WKH VWLPXODWHG KHPLVSKHUH 0RUH
SUHFLVHO\ ODUJHFOXVWHUVRIPRYHPHQWUHODWHG0DFWLYLW\ZHUHQHJDWLYHO\FRUUHODWHG


























FRQWULEXWH WR L7%6 DIWHUHIIHFWV 6LPLODU UHVXOWV KDYH EHHQ UHSRUWHG IRU WKH DXGLWRU\
V\VWHPZKHUHDEHWWHUUHVSRQVHWRU706FRXOGEHSUHGLFWHGE\'&0FRQQHFWLYLW\RI































)RU WKH ILUVW WLPH LW FRXOG EH VKRZQ WKDW FRUWLFDO H[FLWDELOLW\ FDQ EH HQKDQFHG E\
LQFUHDVLQJ WKHQXPEHURI L7%6VWLPXOL IURPXS WRDQG E\XVLQJDQ LQWHU




WKH IUDPHZRUN RI KRPHRVWDWLF PHWDSODVWLFLW\ %LHQHQVWRFN&RRSHU0XQUR WKHRU\
%LHQHQVWRFN HW DO  LQFUHDVLQJ FRUWLFDO H[FLWDELOLW\ LQGXFWLRQ RI /73 PLJKW
LQFUHDVHWKHWKUHVKROGIRULQGXFLQJIXUWKHUV\QDSWLFSODVWLFLW\VLQFHWKHLQGXFWLRQRI/7'
E\ WKH QH[W VWLPXODWLRQ LV IDYRUHG +RZHYHU DIWHU  SXOVHV WKH WKUHVKROG IRU
LQGXFLQJ IXUWKHU /73OLNH HIIHFWVPXVW EH RYHUFRPH$QRWKHU H[SODQDWLRQ IRU GRVH
GHSHQGHQWHIIHFWVRIL7%6FRPHVIURPDQDQLPDOVWXG\LQYHVWLJDWLQJL7%6DIWHUHIIHFWV





L7%6GRVHGHSHQGHQWO\PRGLILHG WKH LQKLELWRU\ FRUWLFDO V\VWHP LH WKHH[SUHVVLRQ
SDWWHUQVRIVXEJURXSVRI*$%$HUJLFLQKLELWRU\LQWHUQHXURQV)RUH[DPSOHWKHSURWHLQ
H[SUHVVLRQ RI SDUYDOEXPLQSRVLWLYH FHOOV ZKLFK FRQVWLWXWH WKH ODUJHVW JURXS RI
LQWHUQHXURQV ZDV VLJQLILFDQWO\ GHFUHDVHG DIWHU WKUHH EORFNV RI L7%6 L7%6
7KHUHIRUH WKH GRVHGHSHQGHQW LQFUHDVH LQ0(3DPSOLWXGHV REVHUYHG LQ RXU VWXG\
PLJKW  DW OHDVWSDUWO\  EHH[SODLQHGE\ WKHGRVHGHSHQGHQWGHFUHDVHRI LQKLELWRU\
LQWHUQHXURQ DFWLYLW\ )XUWKHUPRUH ZH IRXQG WKDW GRVHGHSHQGHQW L7%6 DIWHUHIIHFWV
VHHPWREHPRUHSURQRXQFHGZKHQ0(3VDUHHYRNHGZLWKLQWHQVLWLHVQHDUWKUHVKROG












DQGVXSHULRUSDULHWDOFRUWH[&KDQJHV LQ UV)&DIWHU L7%6PLJKW GHULYH IURPDFWLYLW\
FRQGXFWLRQYLDFRUWLFRFRUWLFDO ILEHUVVLQFH WKHVHUHJLRQVDUHGHQVHO\FRQQHFWHGZLWK
HDFKRWKHU6WHSQLHZVNDHWDO*H\HUHWDO&RQFXUUHQWDFWLYDWLRQRIWZR













7DNHQ WRJHWKHU D SRVVLEOH EHQHILW IURP PXOWLSOH VWLPXODWLRQ EORFN XVLQJ DQ LQWHU
VWLPXOXV LQWHUYDORIPLQFRXOGEHIRXQGIRU WKHILUVW WLPH WKHUHE\KLJKOLJKWLQJ WKH
LPSRUWDQFH RI FKRRVLQJ WKH ULJKW LQWHUVWLPXOXV LQWHUYDO IRU RSWLPL]LQJ VWLPXODWLRQ
SURWRFROV0RUHRYHURXUILQGLQJVRQGRVHGHSHQGHQWLQFUHDVHVLQFRUWLFDOH[FLWDELOLW\
DIWHU L7%6 JDYH HYLGHQFH WKDW WKH GLVWLQFW DFWLYDWLRQ RI LQWHUQHXURQVPLJKW EH RQH
SRVVLEOHPHFKDQLVPXQGHUO\LQJL7%6DIWHUHIIHFWV$QRWKHULPSRUWDQWILQGLQJZDVWKDW












DPSOLWXGHV DIWHU RQH EORFN RI L7%6 UHVSRQGHUV  +LQGHU HW DO  7KLV
FULWHULRQUHVXOWHGLQVHYHQUHVSRQGHUVDQGQLQHQRQUHVSRQGHUV7KLVLV
VOLJKWO\ ORZHUEXW VLPLODU WRSUHYLRXVVWXGLHVZKLFK UHSRUWHG WKDWRI WKHLU
VXEMHFWV GLG QRW UHVSRQG WR 7%6 LQ WKH ³FDQRQLFDO´PDQQHU +DPDGD HW DO 
+LQGHUHWDO$OWKRXJKDQXPEHURIVWXGLHVUHFHQWO\UHSRUWHGQRHIIHFWRI7%6
RQFRUWLFDOH[FLWDELOLW\RQ WKHJURXS OHYHO 0DUWLQHWDO+DPDGDHWDO
/ySH]$ORQVR HW DO  D VLJQLILFDQW LQFUHDVH LQ FRUWLFDO H[FLWDELOLW\ DFURVV DOO
VXEMHFWV FRXOG EH IRXQG KHUH VWXG\ ,, ,QWHUHVWLQJO\ RXU GDWD RQ GRVHGHSHQGHQW
HIIHFWV VKRZHG WKDWRQO\ UHVSRQGHUVVKRZHGD IXUWKHU LQFUHDVH LQ0(3DPSOLWXGHV
DIWHUPXOWLSOHVWLPXODWLRQEORFNV,QFRQWUDVWQRQUHVSRQGHUDIWHURQHEORFNLQFUHDVH
LQ0(3DPSOLWXGHVUHPDLQHGDURXQGEDVHOLQHOHYHORUVKRZHGDGHFUHDVHLQ















OHYHO UV)& EHWZHHQ GLVWLQFW PRWRU DUHDV 2QH LQWHUSUHWDWLRQ ZRXOG EH WKDW KLJK
EDVHOLQH OHYHOV RI UV)& SUHFOXGH D IXUWKHU LQFUHDVH ERWK LQ UV)& DQG FRUWLFDO













VHHPV WR UHVXOW IURP D PLVVLQJ SURSDJDWLRQ RI IDFLOLWDWLRQ FDXVHG E\ WKH PLVVLQJ
FRQQHFWLRQEHWZHHQ0DQGSUHPRWRUUHJLRQVRUDKLJKEDVHOLQHUV)&EHWZHHQ0
DQGSUHPRWRUUHJLRQVOLPLWHGFDSDFLW\IRUPRGLILFDWLRQVDVIRXQGKHUH








DIWHU WKUHH L7%6 EORFNV 7KLV ILQGLQJ LV RI KLJK UHOHYDQFH QRW RQO\ IRU U7067%6





2QH JHQHUDO OLPLWDWLRQ ZKHQ XVLQJ 706 LQ KXPDQV LV WKDW ILQGLQJV FDQ RQO\ EH
LQWHUSUHWHGLQGLUHFWO\)RULQVWDQFHWKHH[WHQWRUVSUHDGRIWKHLQGXFHGFXUUHQWLQWKH
XQGHUO\LQJWLVVXHYDULHVEHWZHHQVXEMHFWV$VRQHFDQQRWVWXG\706HIIHFWVRQWKH
FHOOXODUPROHFXODU OHYHO LQKXPDQV LW LVKDUGWRVD\ZKLFKFRUWLFDOQHXURQVDQGKRZ
PXFKFRUWLFDODUHDLVDIIHFWHG%RORJQLQLDQG5R0RUHRYHUWKHHIIHFWRQWKHVH
QHXURQV FRXOG EH H[FLWDWRU\ LQKLELWRU\ RU VWDWHGHSHQGHQW =LHPDQQ 
7KHUHIRUH WKH H[SODQDWLRQ RQ PHFKDQLVPV XQGHUO\LQJ GRVHGHSHQGHQW HIIHFWV LQ
KXPDQV EDVHG RQ DQLPDO VWXGLHV UHPDLQV DW WKH YHU\ HQG VSHFXODWLYH $ IXUWKHU
OLPLWDWLRQ RI 706 LV WKDW RQO\ FRUWLFDO DUHDV EXW QR VXEFRUWLFDO DUHDV HJ EDVDO
JDQJOLDFDQEHVWLPXODWHG$OWKRXJKLWPLJKWEHSRVVLEOHWRVWLPXODWHVRPHVXEFRUWLFDO
UHJLRQV GHSHQGLQJ RQ WKH VWLPXODWLRQ LQWHQVLW\ DQG FRLO =DQJHQ HW DO 
VWLPXODWLRQLVOHVVIRFDODQGFRUWLFDOUHJLRQVZRXOGDOZD\VEHFRDIIHFWHG0RUHRYHUD
QXPEHURIIDFWRUVOLNHFRQWUDFWLRQRIWKHKHDGDQGQHFNPXVFOHVDQGWKHORXGFOLFNRI
WKH FRLO DW KLJK LQWHQVLWLHV VKRXOG DOZD\V EH FRQVLGHUHG ZKHQ FDUU\LQJ RXW 706
H[SHULPHQWV%RORJQLQLDQG5R7KLVSUREOHPFDQEHRYHUFRPHE\HJZHDULQJ
HDUSOXJV,QDGGLWLRQWKHVSDWLDOUHVROXWLRQRI706LVUHODWLYHO\ORZFRPSDUHGWRHJ







WKH UHVSRQVH WR VWLPXODWLRQ SURWRFROV +RZHYHU WKHVH IDFWRUV UDWKHU FRQWULEXWH WR






PRWRU DFWLYLW\ RU SKDUPDFRORJ\ PLJKW VWURQJO\ LPSDFW RQ VWLPXODWLRQ DIWHUHIIHFWV
5LGGLQJDQG=LHPDQQ7KHUHIRUHWKHFRQIRXQGLQJRIWKHVHIDFWRUVVKRXOGDOVR
EH WDNHQ LQWR DFFRXQW ZKHQ SODQQLQJ 706 H[SHULPHQWV %HVLGHV WKH KLJK LQWHU
LQGLYLGXDOYDULDELOLW\WKHGXUDWLRQRIFKDQJHVLQGXFHGE\VWLPXODWLRQLVOLPLWHGWKHUHE\
OLPLWLQJ WKH XVHIXOQHVV RI WKH VWLPXODWLRQ SDUDGLJPV 9DOOHQFH DQG 5LGGLQJ 
&KDQJHVKDYHEHHQREVHUYHG IRUXS WRPLQ IROORZLQJVWLPXODWLRQ +XDQJHWDO
DQGDUHDVVXPHGWRXQGHUOLH/73DQG/7'OLNHPHFKDQLVPVVLPLODUWRFKDQJHV






DSSOLFDWLRQ %OLVV DQG *DUGQHU0HGZLQ  %DUQHV  $EUDKDP 
5HFHQWO\DKXPDQVWXG\FRXOGVKRZWKDWWZREORFNVRIF7%6DSSOLHGZLWKDQLQWHU
VHVVLRQLQWHUYDORIPLQOHGWROHVVYDULDEOHDQGORQJHUODVWLQJUHVXOWV*ROGVZRUWK\








VFDQQHU DQG LW LV GLIILFXOW WR FRQWURO IRU WKLV /RQJ VFDQQLQJ WLPHV SURPRWH IDWLJXH
7KHUHIRUHDJRRGWUDGHRIIEHWZHHQUREXVWQHVVRIWKHGDWDVLJQDOWRQRLVHUDWLRDQG
IDWLJXH RI WKH VXEMHFWV LV QHFHVVDU\ 9DQ'LMN DQG FROOHDJXHV  VXJJHVWHG D
VFDQQLQJWLPHRIaPLQWREHVXIILFLHQW6FDQQLQJVXEMHFWVZLWKRSHQH\HVHJDVN






RI WKH SUHVHQW WKHVLV %2/' I05, GDWD ZHUH DGMXVWHG IRU SRVVLEOH FRQIRXQGV E\
UHPRYLQJ YDULDQFH WKDW FRXOG EH H[SODLQHG E\ WKHVH NQRZQ FRQIRXQGV &RQIRXQG
UHJUHVVRUV LQFOXGHG WKH WLVVXHFODVVVSHFLILF JOREDO VLJQDO LQWHQVLWLHV WKH VL[ KHDG
PRWLRQSDUDPHWHUV WKHLU VTXDUHG YROXPHV DQG WKHLU ILUVW RUGHU GHULYDWLYHV WKHUHE\
VXEVWDQWLDOO\UHGXFLQJWKHLULPSDFWRQWKHUHVWLQJVWDWHGDWD6DWWHUWKZDLWHHWDO
7KLV LV HVSHFLDOO\ FULWLFDO ZKHQ VWXG\LQJ JURXS GLIIHUHQFHV 1RWDEO\ QR VLJQLILFDQW





+HUH DQRWKHU DSSURDFK WR LQYHVWLJDWH DIWHUHIIHFWV RI U7067%6 LQ KXPDQV PRUH
SUHFLVHO\ RQ WKH LQYROYHPHQW RI QHXURWUDQVPLWWHUV ZRXOG EH PDJQHWLF UHVRQDQFH
VSHFWURVFRS\ 056 ZKLFK KDV DOUHDG\ EHHQ XVHG IRU VWXG\LQJ F7%6 LQWHUYHQWLRQ
HIIHFWV 6WDJJ HW DO  +RZHYHU 056 LV XQIRUWXQDWHO\ QRW FDSDEOH RI HJ
DGGUHVVLQJ GLIIHUHQWLDO HIIHFWV RI L7%6 RQ WKH DFWLYLW\ RI GLVWLQFW VXESRSXODWLRQV RI
*$%$HUJLFLQKLELWRU\LQWHUQHXURQ0RUHRYHU056FDQQRWGLVWLQJXLVKEHWZHHQH[WUD





PRGHOGXH WR WKHVWDELOLW\RIPRGHOHVWLPDWLRQV 3HQQ\HWDO 6WHSKDQHWDO
8VXDOO\HLJKWWRWHQUHJLRQVFDQEHLQFOXGHGLQWRWKHPRGHODVLPSOHPHQWHGLQ
630,QVWXG\,WKHSULPDU\YLVXDOFRUWH[ZDVFKRVHQDVDQLQSXWUHJLRQDQGELODWHUDO
060$DQG Y30&7KH Y30&ZDV LQFOXGHG LQ RXUPRGHO LQVWHDGRI WKHG30&
EHFDXVHPRQNH\VWXGLHVUHYHDOHGWKDWQHXURQVLQY30&DUHDV))DUHHQJDJHG
LQPRYHPHQWVRIWKHKDQGVDQGILQJHUVZKLFKZHUHSULPDULO\DGGUHVVHGE\RXUI05,
WDVN ,Q FRQWUDVW WKH G30& FRGHV PRYHPHQWV RI WKH DUP EDVHG RQ YLVXDO DQG
















FDXVDO LQIOXHQFHV7KHUHIRUH LW LVXVHIXO WRDQVZHU\RXUUHVHDUFKTXHVWLRQE\XVLQJ





FRUWLFDO SODVWLFLW\ LQGXFHG E\ QRQLQYDVLYH EUDLQ VWLPXODWLRQ LH L7%6 ,W FRXOG EH
VKRZQWKDWWKHDSSOLFDWLRQRISXOVHVRIL7%6OHGWRDGRVHGHSHQGHQWLQFUHDVH
LQFRUWLFDOH[FLWDELOLW\ZKLFKZHUHPRVWSURQRXQFHGZKHQ0(3VZHUHHYRNHGZLWKORZ
VWLPXODWLRQ LQWHQVLWLHV 7KHVH ILQGLQJV IXUWKHU FRQWULEXWH WR WKH K\SRWKHVLV WKDW
LQWHUQHXURQQHWZRUNVXQGHUOLH L7%6DIWHUHIIHFWV0RUHRYHU RXU GDWD JDYHHYLGHQFH
WKDW UHVSRQVLYHQHVV WR L7%6FDQQRWEHDOWHUHGE\ LQFUHDVLQJ WKHQXPEHURISXOVHV
2QO\ UHVSRQGHUV DIWHU RQH VWLPXODWLRQEORFN VKRZHGD GRVHGHSHQGHQW LQFUHDVH LQ
0(3DPSOLWXGHVDVZHOODVUV)&
8VLQJFRQQHFWLYLW\DQDO\VHVLWFRXOGEHVKRZQWKDWL7%6DIWHUHIIHFWVGHSHQGQRWRQO\
RQ ORFDO SURSHUWLHV RI WKH VWLPXODWHG UHJLRQ KHUH0 EXW DOVR RQ WKH LQWHUDFWLRQ
EHWZHHQ GLVWLQFW EUDLQ UHJLRQV DV VKRZQ IRU IXQFWLRQDO DQG HIIHFWLYH FRQQHFWLYLW\
,QFUHDVHV LQ 0(3 DPSOLWXGHV FRUUHODWHG VLJQLILFDQWO\ ZLWK HIIHFWLYH FRQQHFWLYLW\
EHWZHHQ0DQGGLVWLQFWSUHPRWRUDUHDVVXJJHVWLQJDWLJKWUHODWLRQVKLSEHWZHHQWKHVH
WZRSDUDPHWHUV ,QYHVWLJDWLQJWKHUHODWLRQVKLSEHWZHHQUHVSRQVLYHQHVV WR L7%6DQG
UV)&UHYHDOHG WKDWQRQUHVSRQGHUIHDWXUHDKLJKHUUV)&EHWZHHQ0DQGSUHPRWRU




VHHPV WR OLPLW WKH FDSDFLW\ RI FKDQJHV LQGXFHG E\ QRQLQYDVLYH EUDLQ VWLPXODWLRQ
FHLOLQJ HIIHFW )XUWKHUPRUH LQFUHDVHV LQ 0(3 DPSOLWXGHV ZHUH SDUDOOHOHG E\
LQFUHDVHV LQ UV)&+RZHYHUQRFRUUHODWLRQZDVHYLGHQW7KHUHIRUH UV)&DQG0(3
DPSOLWXGHV VHHP WR UHSUHVHQW WR LQGHSHQGHQW PDUNHUV RI L7%6 UHVSRQVH 7DNHQ







LQFUHDVLQJ WKHGRVHRI L7%6PLJKWDOVR LPSURYHDIWHUHIIHFWVDW WKHEHKDYLRUDO OHYHO
6RPHVWXGLHV JDYHHYLGHQFH WKDW WKHDSSOLFDWLRQRIPRUH WKDQD VLQJOH VWLPXODWLRQ
EORFNKDVDSRVLWLYHLQIOXHQFHRQEHKDYLRUUHVHPEOLQJWKHSRVVLELOLW\RIUHDFKLQJPRUH
FRQVLVWHQW HIIHFWV ZKHQ DSSO\LQJ PXOWLSOH VWLPXODWLRQ EORFNV 1\IIHOHU HW DO 






0RUHRYHU WKH TXHVWLRQ DULVHV ZKHWKHU RQH FDQ H[SHFW VLPLODU HIIHFWV RQ GRVH
GHSHQGHQW LQFUHDVHV LQ FRUWLFDO H[FLWDELOLW\ DQG UV)& DIWHU WKUHH EORFNV RI L7%6 LQ
SDWLHQWVHJVXIIHULQJIURPVWURNH3UHYLRXVVWXGLHVFRXOGDOUHDG\VKRZWKDWU706LV
FDSDEOH RIPRGXODWLQJ SDWKRORJLFDO LQWHUDFWLRQV LH HIIHFWLYH FRQQHFWLYLW\ EHWZHHQ
FRUWLFDOPRWRUDUHDVOHDGLQJWRLPSURYHPHQWVLQPRWRUSHUIRUPDQFHRIWKHSDUHWLFKDQG
LQ VWURNH SDWLHQWV *UHINHV HW DO  7KHUHIRUH PRUH SURQRXQFHG FKDQJHV LQ
FRQQHFWLYLW\ LQGXFHG E\  SXOVHV RI L7%6 PLJKW DOVR LPSURYH PRWRU IXQFWLRQ
FRPSDUHGWRDVLQJOHDSSOLFDWLRQ LQSDWLHQWV0RVW LPSRUWDQWO\ WKHGDWDVKRZWKDWLW
ZRXOG EH QHFHVVDU\ WR GHWHUPLQH UHVSRQGHUV DQG QRQUHVSRQGHUV LQ D JURXS RI
SDWLHQWV WR RSWLPL]H WKHUDSHXWLF LQWHUYHQWLRQV EHFDXVH QRQUHVSRQGHUV FDQQRW EH
























$\GLQ$ELGLQ 6 7ULSSH - )XQNH . (\VHO 87 %HQDOL $  +LJK DQG ORZIUHTXHQF\




%DUQHV &$ 0HPRU\ GHILFLWV DVVRFLDWHGZLWK VHQHVFHQFH D QHXURSK\VLRORJLFDO DQG
EHKDYLRUDOVWXG\LQWKHUDW-RXUQDORIFRPSDUDWLYHDQGSK\VLRORJLFDOSV\FKRORJ\




































LQWHUDFWLRQV HYDOXDWHG ZLWK VWUXFWXUDO HTXDWLRQ PRGHOOLQJ DQG I05, &HUHE &RUWH[

%X[WRQ5%:RQJ(&)UDQN/5 '\QDPLFVRIEORRG IORZDQG R[\JHQDWLRQFKDQJHV
GXULQJEUDLQDFWLYDWLRQ WKHEDOORRQPRGHO0DJQHWLFUHVRQDQFH LQPHGLFLQH RIILFLDO





&iUGHQDV0RUDOHV / *URQ * .DPPHU 7  ([SORULQJ WKH DIWHUHIIHFWV RI WKHWD EXUVW
PDJQHWLFVWLPXODWLRQRQWKHKXPDQPRWRUFRUWH[DIXQFWLRQDOLPDJLQJVWXG\+XP%UDLQ
0DSS















DQDWRP\ RIPRWRU UHFRYHU\ DIWHU VWURNH LQ KXPDQV D VWXG\ ZLWK SRVLWURQ HPLVVLRQ
WRPRJUDSK\$QQ1HXURO




&RQWH$%HOYLVL' ,H]]L(0DUL) ,QJKLOOHUL0%HUDUGHOOL$ (IIHFWVRIDWWHQWLRQRQ
LQKLELWRU\ DQG IDFLOLWDWRU\ SKHQRPHQD HOLFLWHG E\ SDLUHGSXOVH WUDQVFUDQLDO PDJQHWLF
VWLPXODWLRQLQKHDOWK\VXEMHFWV([S%UDLQ5HV
'DPRLVHDX[-6*UHLFLXV0'*UHDWHU WKDQWKHVXPRI LWVSDUWVDUHYLHZRIVWXGLHV



















'L /D]]DUR 9 2OLYLHUR $ 3URILFH 3 6DWXUQR ( 3LODWR ) ,QVROD $ 0D]]RQH 3 7RQDOL 3






















(LFNKRII 6% 'DIRWDNLV 0 *UHINHV & 6KDK 1- =LOOHV . 3L]D.DW]HU +  &HQWUDO
DGDSWDWLRQ IROORZLQJ KHWHURWRSLF KDQG UHSODQWDWLRQ SUREHG E\ I05, DQG HIIHFWLYH
FRQQHFWLYLW\DQDO\VLV([SHULPHQWDOQHXURORJ\













)ULHV 3  $ PHFKDQLVP IRU FRJQLWLYH G\QDPLFV QHXURQDO FRPPXQLFDWLRQ WKURXJK
QHXURQDOFRKHUHQFH7UHQGV&RJQ6FL
)ULVWRQ .-  %D\HVLDQ HVWLPDWLRQ RI G\QDPLFDO V\VWHPV DQ DSSOLFDWLRQ WR I05,
1HXURLPDJH
)ULVWRQ.-+DUULVRQ / 3HQQ\: '\QDPLF FDXVDOPRGHOOLQJ1HXURLPDJH

)ULVWRQ.-)ULWK&'/LGGOH3))UDFNRZLDN56)XQFWLRQDOFRQQHFWLYLW\WKHSULQFLSDO
FRPSRQHQW DQDO\VLV RI ODUJH 3(7 GDWD VHWV -RXUQDO RI FHUHEUDO EORRG IORZ DQG












*HQWQHU 5:DQNHUO . 5HLQVEHUJHU & =HOOHU ' &ODVVHQ -  'HSUHVVLRQ RI KXPDQ
FRUWLFRVSLQDOH[FLWDELOLW\LQGXFHGE\PDJQHWLFWKHWDEXUVWVWLPXODWLRQHYLGHQFHRIUDSLG
SRODULW\UHYHUVLQJPHWDSODVWLFLW\&HUHE&RUWH[
*HUORII & &RUZHOO % &KHQ 5 +DOOHWW 0 &RKHQ /*  6WLPXODWLRQ RYHU WKH KXPDQ
VXSSOHPHQWDU\ PRWRU DUHD LQWHUIHUHV ZLWK WKH RUJDQL]DWLRQ RI IXWXUH HOHPHQWV LQ
FRPSOH[PRWRUVHTXHQFHV%UDLQDMRXUQDORIQHXURORJ\3W
*H\HU 6 0DWHOOL 0 /XSSLQR * =LOOHV .  )XQFWLRQDO QHXURDQDWRP\ RI WKH SULPDWH
LVRFRUWLFDOPRWRUV\VWHP$QDW(PEU\RO%HUO
*RHEHO 5 5RHEURHFN $ .LP '6 )RUPLVDQR (  ,QYHVWLJDWLQJ GLUHFWHG FRUWLFDO
LQWHUDFWLRQV LQ WLPHUHVROYHG I05, GDWD XVLQJ YHFWRU DXWRUHJUHVVLYH PRGHOLQJ DQG
*UDQJHUFDXVDOLW\PDSSLQJ0DJQ5HVRQ,PDJLQJ




REVHUYHULQGHSHQGHQW F\WRDUFKLWHFWRQLF PDSSLQJ LQWHULQGLYLGXDO YDULDELOLW\ DQG
SRSXODWLRQPDS1HXURLPDJH
*UHINHV&1RZDN'$:DQJ/('DIRWDNLV0(LFNKRII6%)LQN*50RGXODWLQJFRUWLFDO
FRQQHFWLYLW\ LQ VWURNH SDWLHQWV E\ U706 DVVHVVHG ZLWK I05, DQG G\QDPLF FDXVDO
PRGHOLQJ1HXURLPDJH
*UHINHV&1RZDN'$(LFNKRII6%'DIRWDNLV0.XVW-.DUEH+)LQN*5&RUWLFDO












WKH IURQWDO OREHPRWRU DUHDV RQ WKH ODWHUDO VXUIDFH RI WKH KHPLVSKHUH - 1HXURVFL

+H64'XP536WULFN3/7RSRJUDSKLFRUJDQL]DWLRQRIFRUWLFRVSLQDOSURMHFWLRQVIURP










OHDUQLQJ -RXUQDO RI FOLQLFDO QHXURSK\VLRORJ\  RIILFLDO SXEOLFDWLRQ RI WKH $PHULFDQ
(OHFWURHQFHSKDORJUDSKLF6RFLHW\




+XDQJ<= 5RWKZHOO -& /X&6:DQJ - &KHQ56 5HVWRUDWLRQ RIPRWRU LQKLELWLRQ
















&RUGLYDUL&5RXQLV (&DOWDJLURQH&%KDWLD.5RWKZHOO -& $OWHUHG GRUVDO












/DUVRQ - /\QFK*  ,QGXFWLRQ RI V\QDSWLF SRWHQWLDWLRQ LQ KLSSRFDPSXV E\ SDWWHUQHG
VWLPXODWLRQLQYROYHVWZRHYHQWV6FLHQFH
/DXWHUEXU 3  ,PDJH IRUPDWLRQ E\ LQGXFHG ORFDO LQWHUDFWLRQV  ([DPSOHV HPSOR\LQJ
QXFOHDUPDJQHWLFUHVRQDQFH1DWXUH
/RJRWKHWLV 1.  7KH QHXUDO EDVLV RI WKH EORRGR[\JHQOHYHOGHSHQGHQW IXQFWLRQDO
PDJQHWLFUHVRQDQFHLPDJLQJVLJQDO3KLORVRSKLFDOWUDQVDFWLRQVRIWKH5R\DO6RFLHW\RI
/RQGRQ6HULHV%%LRORJLFDOVFLHQFHV





0DF'HUPRWW $% 0D\HU 0/ :HVWEURRN */ 6PLWK 6- %DUNHU -/  10'$UHFHSWRU









DGMDFHQW FLQJXODWH FRUWH[ LQ WKH PDFDTXH PRQNH\ 7KH -RXUQDO RI FRPSDUDWLYH
QHXURORJ\
0F,QWRVK $5 *RQ]DOH]/LPD )  1HWZRUN LQWHUDFWLRQV DPRQJ OLPELF FRUWLFHV EDVDO
IRUHEUDLQDQGFHUHEHOOXPGLIIHUHQWLDWHD WRQHFRQGLWLRQHGDVD3DYORYLDQH[FLWRURU




























3LFDUG 1 6WULFN 3/ 0RWRU DUHDV RI WKHPHGLDO ZDOO D UHYLHZ RI WKHLU ORFDWLRQ DQG
IXQFWLRQDODFWLYDWLRQ&HUHE&RUWH[
3LFDUG 1 6WULFN 3/  ,PDJLQJ WKH SUHPRWRU DUHDV &XUUHQW RSLQLRQ LQ QHXURELRORJ\

3RZHU-'%DUQHV.$6Q\GHU$=6FKODJJDU%/3HWHUVHQ6(6SXULRXVEXWV\VWHPDWLF















5LGGLQJ0& =LHPDQQ8 'HWHUPLQDQWV RI WKH LQGXFWLRQRI FRUWLFDO SODVWLFLW\ E\ QRQ
LQYDVLYHEUDLQVWLPXODWLRQLQKHDOWK\VXEMHFWV-3K\VLRO
5L]]RODWWL*)DGLJD/*UDVSLQJREMHFWVDQGJUDVSLQJDFWLRQPHDQLQJVWKHGXDOUROHRI























$. %LVZDO %% 3HWNRYD ( &DVWHOODQRV ); 0LOKDP 03  7KH UHVWLQJ EUDLQ
XQFRQVWUDLQHG\HWUHOLDEOH&HUHE&RUWH[
6PLWK6% 3UHSDULQJ I05,GDWD IRU VWDWLVWLFDO DQDO\VLV ,Q -H]]DUG30DWWKHZV30
6PLWK 6% HGLWRUV )XQFWLRQDO 05, DQ LQWURGXFWLRQ WR PHWKRGV 1HZ <RUN 2[IRUG
8QLYHUVLW\3UHVVS
6SDULQJ5%XHOWH'0HLVWHU,*3DXV7)LQN*57UDQVFUDQLDOPDJQHWLFVWLPXODWLRQ






































YDQ GHU :HUI <' 6DQ]$ULJLWD (- 0HQQLQJ 6 YDQ GHQ +HXYHO 2$  0RGXODWLQJ
VSRQWDQHRXV EUDLQ DFWLYLW\ XVLQJ UHSHWLWLYH WUDQVFUDQLDO PDJQHWLF VWLPXODWLRQ %0&
1HXURVFL
9DQ'LMN .5 6DEXQFX05 %XFNQHU5/  7KH LQIOXHQFH RI KHDGPRWLRQ RQ LQWULQVLF
IXQFWLRQDOFRQQHFWLYLW\05,1HXURLPDJH
9DQ'LMN.5+HGGHQ79HQNDWDUDPDQ$(YDQV.&/D]DU6:%XFNQHU5/,QWULQVLF
IXQFWLRQDO FRQQHFWLYLW\ DV D WRRO IRU KXPDQ FRQQHFWRPLFV WKHRU\ SURSHUWLHV DQG
RSWLPL]DWLRQ-1HXURSK\VLRO
9HQLHUR ' 3RQ]R 9 .RFK *  3DLUHG DVVRFLDWLYH VWLPXODWLRQ HQIRUFHV WKH
FRPPXQLFDWLRQEHWZHHQLQWHUFRQQHFWHGDUHDV-1HXURVFL





9RO] /-%HQDOL$0L[$1HXEDFKHU8)XQNH. 'RVHGHSHQGHQFHRI FKDQJHV LQ
FRUWLFDO SURWHLQ H[SUHVVLRQ LQGXFHG ZLWK UHSHDWHG WUDQVFUDQLDO PDJQHWLF WKHWDEXUVW
VWLPXODWLRQLQWKHUDW%UDLQ6WLPXO




0L\DVKLWD < .RQLVKL 6 .XQLPDWVX $ 2KWRPR .  %LGLUHFWLRQDO HIIHFWV RQ

















































$Q HUVWHU 6WHOOH P|FKWH LFK 3URI 'U &KULVWLDQ *UHINHV IU VHLQH %HWUHXXQJ XQG
)|UGHUXQJLQGHQOHW]WHQ-DKUHQGDQNHQ9LHOHQ'DQNIUGHLQH=HLWGHLQH.RUUHNWXUHQ
XQG $QPHUNXQJHQ XQG GLH YLHOHQ 0|JOLFKNHLWHQ GLH GX PLU ZlKUHQG GHU
3URPRWLRQV]HLWJHERWHQKDVW
(LQJURHU'DQNJLOWDXFKDOOHQ0LWJOLHGHUQPHLQHU$UEHLWVJUXSSH1HXURPRGXODWLRQ	
























RGHUGHP6LQQQDFKHQWQRPPHQVLQG LQ MHGHP(LQ]HOIDOO DOV(QWOHKQXQJNHQQWOLFK
JHPDFKWKDEHGDVVGLHVH'LVVHUWDWLRQQRFKNHLQHUDQGHUHQ)DNXOWlWRGHU8QLYHUVLWlW
]XU 3UIXQJ YRUJHOHJHQ KDW GDVV VLH ± DEJHVHKHQ YRQ XQWHQ DQJHJHEHQHQ
7HLOSXEOLNDWLRQHQ±QRFKQLFKWYHU|IIHQWOLFKWZRUGHQ LVWVRZLHGDVV LFKHLQHVROFKH
9HU|IIHQWOLFKXQJYRU$EVFKOXVVGHV3URPRWLRQVYHUIDKUHQVQLFKWYRUQHKPHQZHUGH
'LH%HVWLPPXQJHQGHU3URPRWLRQVRUGQXQJVLQGPLUEHNDQQW'LHYRQPLUYRUJHOHJWH
'LVVHUWDWLRQLVWYRQ3URI'U$QVJDU%VFKJHVXQG3URI'U&KULVWLDQ*UHINHVEHWUHXW
ZRUGHQ
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